Measurement of radiative muon capture in calcium by Hart, Richard Dennis
W&M ScholarWorks 
Dissertations, Theses, and Masters Projects Theses, Dissertations, & Master Projects 
1977 
Measurement of radiative muon capture in calcium 
Richard Dennis Hart 
College of William & Mary - Arts & Sciences 
Follow this and additional works at: https://scholarworks.wm.edu/etd 
 Part of the Physics Commons 
Recommended Citation 
Hart, Richard Dennis, "Measurement of radiative muon capture in calcium" (1977). Dissertations, Theses, 
and Masters Projects. Paper 1539623702. 
https://dx.doi.org/doi:10.21220/s2-73yt-k423 
This Dissertation is brought to you for free and open access by the Theses, Dissertations, & Master Projects at W&M 
ScholarWorks. It has been accepted for inclusion in Dissertations, Theses, and Masters Projects by an authorized 
administrator of W&M ScholarWorks. For more information, please contact scholarworks@wm.edu. 
INFORMATION TO USERS
This material was produced from a microfilm copy of the original document. While 
the most advanced technological means to photograph and reproduce this document 
have been used, the quality is heavily dependent upon the quality of the original 
submitted.
The following explanation of techniques is provided to help you understand
markings or patterns which may appear on this reproduction.
1.The sign "target" for pages apparently lacking from the document 
photographed is "Missing Page(s)". If it was possible to obtain the missing 
page(s) or section, they are spliced into the film along with adjacent pages. 
This may have necessitated cutting thru an image and duplicating adjacent 
pages to insure you complete continuity.
2. When an image on the film is obliterated with a large round black mark, it 
is an indication that the photographer suspected that the copy may have 
moved during exposure and thus cause a blurred image. You will find a 
good image of the page in the adjacent frame.
3. When a map, drawing or chart, etc., was part of the material being 
photographed the photographer followed a definite method in
"sectioning" the material. It is customary to  begin photoing at the upper
left hand corner of a large sheet and to continue photoing from left to
right in equal sections with a small overlap. If necessary, sectioning is 
continued again — beginning below the first row and continuing on until 
complete.
4. The majority of users indicate that the textual content is of greatest value, 
however, a somewhat higher quality reproduction could be made from 
"photographs" if essential to the understanding of the dissertation. Silver 
prints of "photographs" may be ordered at additional charge by writing 
the Order Department, giving the catalog number, title, author and 
specific pages you wish reproduced.
5. PLEASE NOTE: Some pages may have indistinct print. Filmed as 
received.
University Microfilms International
300 North Z eeb Road
Ann Arbor, Michigan 48106 USA
St. John 's  Road, Tyler's Green
High Wycombe, Bucks, England HP10 0HR
77-31,785
HART, Richard Dennis, 1949- 
MEASUREMENT OF RADIATIVE MUON 
CAPTURE IN CALCIUM.
The College of William and Mary in 
Virginia, Ph.D., 1977 
Physics, elementary particles and 
high energy
University Microfilms International, Ann Arbor, M ichigan 48106
MEASUREMENT OF RADIATIVE MUON CAPTURE IN CALCIUM
A D is s e r ta t io n  
P resen ted  to  
The F a cu lty  o f  th e  Department o f  P h ysics  
The C ollege  o f  W illiam  and Mary in  V ir g in ia
In P a r t ia l  F u lf illm e n t  
Of th e Requirements fo r  th e  Degree o f  
Doctor o f  Ph ilosophy
R ichard Dennis Hart 
August 1977
APPROVAL SHEET
This d is s e r t a t io n  i s  subm itted  in  p a r t ia l  f u l f i l lm e n t  o f  
th e  requirem ents fo r  th e  degree o f
D octor o f  Philosophy
; ? , a , 7  j > .  - t i r f
R ichard Dennis Hart
Approved, August 1977
Robert T. S ie g e l
Morton Eckhause
fZlAsfU, j ( .
Franz L. gjfoss
f i J t
R o lf  (/. W inter
D avid A . Jen k in s I
V ir g in ia  P o ly tech n ic  I n s t i t u t e
and S ta te  U n iv e r s ity
TABLE OF CONTENTS
Page
ACKNOWLEDGMENTS........................................................................................  v
ABSTRACT......................................................................................................  v i i
I . INTRODUCTION..............................................................................................  1
I I .  THEORY...........................................................................................................  3
I I I .  DESCRIPTION OF EXPERIMENT....... .............................................................  8
A. Muon and Pion B eam s...................................................................  8
B. E xperim ental G eo m etry .................................................................  9
C. E le c tr o n ic  Logic...................... ...................................  . . . . .  11
D. B a c k g r o u n d ..........................................................................  lU
E. C a lib ra tio n  o f  th e  Timing L o g i c ...........................  18
F . C a lib r a tio n  o f  th e  Photon Energy S p e c tr u m .....  19
IV. DATA ANALYSIS.............................................................................................. 2k
A. Decay E lec tro n  Time S p e c t r a ...................................................  2k
B. C a lib ra tio n  fo r  th e  Photon Asymmetry Measurement . 28
C. RMC Photon A sy m m e tr y .................................................................  31
D. E xpression  fo r  th e  Branching R a t i o ................................. 36
E. Branching R a tio  o f  RMC t o  M C .................................................  ^1
F . D eterm in ation  o f  g p /s& ............................................................
V. DISCUSSION AND CONCLUSIONS ..............................................................  ^8
iii
T A B L E S ............................................  53
APPENDICES.................................................................................................  59
REFERENCES.................................................................................................  67
FIGURE CAPTIONS ........................................................................................  TO
FIGURES..........................................................................................................  7^
iv
ACKNOWLEDGMENTS
The author would l ik e  to  acknowledge th e  fo llo w in g  persons 
and a g en c ies  fo r  t h e ir  c o n tr ib u tio n s  t o  t h is  work:
P r o fe sso r s  Robert T. S i e g e l ,  Robert E. W elsh, Morton Eckhause, 
and John R. Kane, D rs. C olin  R. Cox, A. M inick R ushton, and Madhu S . 
Pandey, and e l e c t r i c a l  e n g in e e r , W illiam  F . V ulcan , and graduate r e ­
search  a s s is t a n t  George W. Dodson, fo r  th e  c o u n t le s s  hours which have 
co n tr ib u ted  t o  t h i s  experim ent. I  am in d eb ted  t o  P r o fe sso r  Robert T. 
S ie g e l ,  my a d v iso r , fo r  th e  guidance which made njy graduate years  
p e r so n a lly  rew arding and extrem ely  e n jo y a b le .
The s c i n t i l l a t i o n  c o u n ter s , p r e c is io n  m agnet, and oth er com­
ponents o f  th e  exp erim en ta l geom etry were d esig n ed  and b u i l t  by th e  
W illiam  and Mary machine shop under th e  d ir e c t io n  o f  Mr. S ta n le y  G.
Hummel.
P r o fe s so r s  Robert T, S i e g e l ,  R o lf G. W inter, Franz L. G ross, 
David A. Jenk in s (VPI & SU), John R, Kane, and e s p e c ia l ly  Morton Eckhause, 
fo r  t h e ir  c r i t i c a l  read in gs o f  t h i s  m anuscript.
P ro fe sso r  Harold W. F e a r in g , U n iv e r s ity  o f  B r i t i s h  Columbia, 
fo r  s e v e r a l in t e r e s t in g  co n v ersa tio n s about r a d ia t iv e  muon cap tu re .
P r o fe sso r  H. P. C. Rood, U n iv e r s ity  o f  G roningen, I n s t i t u t e  
fo r  T h e o r e tic a l P h y s ic s , fo r  a copy o f  th e  program t o  compute ob servab les  
in  r a d ia t iv e  muon ca p tu re .
Dr. R. Cohen o f  N evis L aboratories fo r  le n d in g  us th e  yoke 
fo r  th e  p r e c is io n  m agnet.
My w if e ,  Sharon L o u ise , fo r  ty p in g  th e  i n i t i a l  d r a ft  o f  t h i s  
m anuscript.
Ms. S y lv ia  S to u t , fo r  ty p in g  th e  f in a l  d r a f t  o f  t h i s  manu­
s c r ip t .
This work was supported in  p art by th e  N a tio n a l S c ien ce  
Foundation .
ABSTRACT
A pproxim ately 1200 backgroun d-subtracted  photons o f  e n e rg ie s  
>_ 63 .5  MeV emanating from th e  capture o f  p r e c e s s in g  muons by protons  
in  calcium  n u c le i  were ob served . From th e  p r e c e s s io n  frequency o f  th e  
muon s p in , a v a lu e  o f  +0 .9 0  0 .50  fo r  th e  r a d ia t iv e  capture photon
momentum-muon sp in  asymmetry was e x tr a c te d . The photon energy d i s t r i ­
b u tion  i s  c o n s is te n t  w ith  an in te g r a te d  branching r a t io  o f  r a d ia t iv e  to
-6normal muon capture above 57 MeV o f (2 1 .1  ^  0 .6 )  x 10~ . From a com­
p a r iso n  o f  th e  photon energy d is t r ib u t io n  to  th e  p r e d ic te d  r e s u lt s  o f  
th e  th eory  o f  Rood, Yano, and Yano, th e  magnitude o f  th e  induced
p seu d o sca la r  co u p lin g  con stan t g was determ ined to  be ( 6 . 7  + l , 5 )g ,p a
where g i s  th e  a x ia l  v e c to r  co u p lin g  c o n sta n t.&
The r e s u l t  fo r  th e  photon asymmetry i s  in  good agreement w ith  
a value o f  about +O.75 p r e d ic te d  by Rood, Yano, and Yano but in  d is ­
agreement w ith  a p rev iou s measurement which gave a s l i g h t l y  n e g a tiv e  
va lu e fo r  th e  asymmetry. The r e s u lt  fo r  g^ i s  in  agreement w ith  th e
valu e o f  g ~ +7g p r e d ic te d  by th e  Goldberger-Treim an r e la t io n .  The 
P a
measured branching r a t io  i s  n ot in  good agreement w ith  p rev iou s ex ­
p erim en ta l r e s u l t s .
RICHARD DENNIS HART 
DEPARTMENT OF PHYSICS 
THE COLLEGE OF WILLIAM AND MARY IN VIRGINIA
MEASUREMENT OF RADIATIVE MUON CAPTURE IN CALCIUM
I. INTRODUCTION
The u n iv er sa l Fermi in te r a c t io n  (UFI) i s  assumed to  d escr ib e
th e weak in te r a c t io n s  o f  p a r t ic le s  through a vector-m in u s- a x ia l  vecto r
1 2cou p lin g  o f  th e  weak c u r r e n ts . ’
Of in t e r e s t  i s  th e  s tren g th  o f  th e  induced pseudoscalar
cou p lin g  con stant g^ in  th e  weak in te r a c t io n  p rocess o f  muon capture by
— 3a proton y p nv^, The p red ic ted  r a te  o f  muon capture by a "free"
proton depends on g^ d ir e c t ly .  A d eterm ination  o f  g^ from an e x p e r i­
m ental measurement o f  th e  capture r a te  can be compared to  th e  t h e o r e t i -  
c a l  v a lu e  « = +7g , where g i s  th e  a x ia l  v ec to r  cou p lin g  co n sta n t.8. £L
While th e  computation o f  th e  capture r a te s  fo r  gaseous and l iq u id  hydro-
3
gen ta r g e ts  i s  com plicated  by m olecular and atom ic p r o c e s se s , th ese
3
e f f e c t s  are tr e a ta b le  and e a r l ie r  experim ental r e s u lt s  gave 
gp = (1 0 .0  + 1 .6 ) g a . For th e  d e sc r ip t io n  o f  th e  p rocess o f  muon capture  
by a proton in  a complex nu cleus o f  charge Ze, where Z >_ 2 , much g rea ter  
t h e o r e t ic a l  u n c e r ta in t ie s  a r is e  from th e  im p recise  knowledge o f  th e
3
nu clear s t a t e s  and o f  th e  n u cleon -n u cleon  c o r r e la t io n  e f f e c t s  such as 
meson exchange.
For ordinary muon capture in  a complex nucleus  
y""A(Z,N) -► V B (Z -1, N+l)- th e  Coulomb a t t r a c t io n  between th e  muon and 
the n u clear  protons co n cen tra tes th e  muon wave fu n ctio n  in  th e n u clear  
volum e, enhancing th e  capture r a te .  As a s p e c i f ic  exam ple, th e  capture 
r a te  in  calcium  i s  about 3500 tim es th e  capture r a te  in  hydrogen.
2We have s tu d ie d  th e  photon in  th e  rarer  p ro cess  o f  r a d ia t iv e  
_ IjO Uo *muon capture in  ca lciu m  y Ca K + y  to  ga in  some in s ig h t  in to
th e  s tren g th  o f  th e  p seu d o sca la r  cou p lin g  when th e  photon i s  in s id e  a 
complex n u c le u s . The photon i s  em itted  by th e  mechanism o f  in n er  
brem sstrahlung and i s  in trod uced  by a tta ch in g  an e x te r n a l photon l in e  a t  
a l l  p o s s ib le  p la c e s  in  th e  muon capture Feynman diagram s. T h e o re tic a l
stu d ies'* - 1  ^ p r e d ic t  th a t  th e  approxim ate r a te  o f  r a d ia t iv e  t o  normal
a ~ —14-muon capture in  any elem ent i s  about = 2 x 10
II. THEORY
R a d ia tiv e  muon captu re (RMC) was in v e s t ig a te d  t h e o r e t ic a l ly  
5
by Huang, Yang, and L ee' in  a study o f p o s s ib le  p a r ity  v io la t in g  e f f e c t s  
a sso c ia te d  w ith  muon captu re by a free  p ro to n . They showed th a t th e  
(V-A) s tr u c tu r e  o f  th e  weak in te r a c t io n  d ic ta t e d  th a t photons em itted  
by th e  muon have an angular dependence P (0 ) = 1 + a c o s0 , where a  = +1,0  
and 0 i s  th e  angle between th e  photon momentum and th e  muon sp in  d ir e c ­
t io n .  This corresponds t o  a maximal p a r i t y  v io la t in g  e f f e c t .
In  a study o f  ord inary muon cap tu re  (MC), Prim akoff^ in t r o ­
duced th e  p seu d osca lar  and weak magnetism cou p lin gs in t o  th e  t h e o r e t ic a l  
com putation o f  th e  capture r a te  by keeping nucleon r e c o i l  terms in  a 
n o n r e la t iv i s t ic  e f f e c t iv e  H am iltonian. The ev a lu a tio n  o f  th e  n u clea r  
m atrix e lem ents by th e  c lo su r e  approxim ation i s  p resen ted  and th e  im­
portance o f  th e  e x c lu s io n  p r in c ip le  in  in h ib i t in g  th e  a v a i l a b i l i t y  o f  
th e  f i n a l  n u clea r  s t a t e s  o f  a complex n u c leu s  i s  d is c u s s e d . The 
e x te n s io n  o f  th e  c lo su re  approxim ation and th e  r e te n t io n  o f  th e  induced
7
terms in  th e  c a lc u la t io n  o f  th e  RMC ra te  w hich  was d e r iv e d  by C antw ell 
i s  p resen ted .
8 9B ern ste in  and , s e p a r a te ly , Manacher examined th e  c o n tr ib u ­
t io n s  o f  th e  induced term s t o  the RMC r a t e .  They p r e d ic te d  an enhance­
ment o f  th e  r a d ia t iv e  r a te  by about 30# a t  th e  h igh  energy  end o f  th e  
photon spectrum  due t o  r a d ia t io n  from th e  p io n , p roton , and anomalous
3
km agnetic moments o f  th e  n u c le o n s . B ern ste in  fu r th er  showed th a t  much 
o f  t h i s  r a d ia t io n  d ecrea ses  th e  o v e r a l l  photon asymmetry. Thus, th e  
s tr en g th  o f  g^ can "be in fe r r e d  by m easuring th e  r a te  o f  photon em is­
s io n  and th e  d e v ia t io n  o f  th e  photon asymmetry from th e  v a lu e  o f  + 1 .0 .
An ex h a u stiv e  t h e o r e t ic a l  study o f  RMC in  medium Z n u c le i  
i s  th a t  o f  Rood and Tolhoek10 (h en ce fo r th , RT). C ontrib u tion s to  the  
RMC r a te  from th e  v ir t u a l  p i on, p ro to n , muon, and anomalous m agnetic  
moments o f  th e  n u cleon s i s  co n sid ered  in  t h e ir  th eo ry . By u s in g  se v e r a l  
n u clea r  models and exam ining th e  r a t io  o f  th e  computed r a d ia t iv e  t o  th e  
norm al muon capture r a te  o f  each m odel, th ey  conclude th a t  sy stem a tic  
u n c e r ta in t ie s  from th e  incom plete knowledge o f  th e  n u clea r  p h y sic s  
probably ten d  t o  c a n c e l in  th e  r a t i o  o f  computed m atrix e lem en ts , so  
th a t  th e c a lc u la te d  branching r a t io  o f  RMC t o  MC i s  r e l i a b le  t o  about 
10# . T heir f i n a l  r e s u l t s  were computed u s in g  a s h e l l  model d e sc r ip ­
t io n  o f  th e  n u clear  s t a t e s  and a p p ly in g  th e  c lo su re  approxim ation in  
th e  red u ctio n  o f  th e  n u clea r  m atrix  elem ents (denoted  as th e  c lo su re  
harmonic o s c i l l a t o r  or CHO m od el).
11 12The r e s u l t s  o f  s e v e r a l prev ious experim ents * have been
compared t o  th e  t h e o r e t ic a l  p r e d ic t io n s 10 o f  RT. In a d d it io n , s e v e r a l  
13 ll* 15l a t e r  th e o r ie s  * * o f  RMC in c lu d e  a com parison o f  p r e d ic t io n s  to  
th o se  o f  RT1 0 . Thus, th e  RT th eo r y 10 i s  a "common denominator" o f  much 
o f  th e  p a st work on RMC so  th a t  we have an a lyzed  our d a ta  w ith  re sp e c t  
t o  t h i s  th eory  to  en ab le  a com parative study o f  our r e s u l t s  w ith  both  
t h e o r e t ic a l  and e a r l i e r  exp erim en ta l work.
5The most recen t th e o r e t ic a l  e f fo r t  i s  th a t  o f  Rood, Yano, and
13Yano (h en ce fo r th , RYY). They t r e a t  th e  n o n -lo c a l e f f e c t s  in  th e
r a d ia tiv e  capture p r o c ess , which a r is e  s in c e  th e  photon em ission  and
th e weak in te r a c t io n  take p la ce  at d if f e r e n t  p o in ts  in  sp a ce-tim e , by
l6u sin g  a form alism  developed by M artin and Glauber t o  study r a d ia t iv e  
K e le c tr o n  cap tu re . For diagrams in  which th e  muon r a d ia te s  a photon, 
th e  in term ed ia te  s t a t e  muon i s  d escr ib ed  by th e  propagator o f  a muon 
in  th e f i e l d  o f  a sp h e r ic a l n u clear  charge d is t r ib u t io n . For a l l  
oth er  diagrams (F ig . l ) , the p ion  and proton propagate as fr e e  p a r t ic le s .  
Their p red ic ted  RMC r a te  i s  about 2k% lower than th a t p r e d ic te d ^  by 
RT in  th e h igh -en ergy  end o f  th e  photon spectrum. F u rther, th e  con­
tr ib u t io n  o f  th e  proton ra d ia tio n  i s  r e la t iv e ly  more suppressed than  
th a t  o f th e  muon so th a t  th e  n e t asymmetry o f  th e s e  photons i s  in creased  
by about 3% from th e  va lu e o f  +0 .75  predicted"*"^ by RT. I t  was thought 
th a t  th e  in c lu s io n  o f  th e  p ion  propagator would a f f e c t  the normal muon
capture r a te  s in c e  capture could now take p la ce  o u ts id e  th e  n u c le u s .
l8However, any such e f f e c t  i s  apparently  sm all so  th a t  th e MC r a te  i s
computed, as in  th e  th e o r y ^  o f  RT, in  a manner c o n s is te n t  w ith  th e
19CHO c a lc u la t io n s  o f  Luyten, Rood, and Tolhoek . Our r e s u lt  fo r  th e
magnitude o f  th e  induced p seu d osca lar  coupling  co n sta n t was determ ined
13from th e  comparison o f  th e  p r e d ic t io n s  o f  th e RYY theory t o  our
experim en tal d a ta .
lUF earing  extended a d e te r m in is t ic  approach, f i r s t  used by 
20Foldy and Walecka in  th e  com putation o f  normal muon capture r a t e s ,  t o
6in c lu d e  r a d ia t iv e  muon capture as w e l l .  Experim ental p h otoa tsorp tion
cro ss  s e c t io n s  are r e la te d  to  th e  co n tr ib u tio n  o f  th e  n u clear  d ip o le
resonance to  muon cap tu re . The ex p ressio n  "dipole" denotes th e d ip o le
component o f  a m u ltip o le  expansion o f  th e  n u clear  m atrix  elem ent. The
oth er m u ltip o le  terms are ev a lu a ted  in  accord w ith  th e  CHO model"*"0 o f
RT. I t  i s  claim ed t h a t ,  fo r  th e  same va lu es  o f  th e  cou p lin g  c o n sta n ts ,
th e  branching r a t io  o f  RMC to  MC in  **0Ca i s  reduced by about 20% w ith
resp e c t to  th e  predicted**"0 r e s u l t  o f  RT. However, t h i s  c la im  has been
12d isp u ted  by R osen ste in
15Borchi and de Gennero ap p lied  a phenom enological approach
21to  n u clear  s tr u c tu r e , known as th e  Migdal th eo ry , t o  RMC and MC. In  
t h i s  m odel, th e  nu cleus i s  d e fin ed  as a system  o f  in te r a c t in g  q u a si­
p a r t ic le s  whose m otions are d escr ib ed  by G reen's fu n c t io n s . Free 
parameters o f  th e  th eory  are ad ju sted  t o  reproduce known p ro p er tie s  o f  
n u c le i  and t o  p r e d ic t  new o n e s . Both th e  r a d ia t iv e  and normal muon
capture r a te s  in  ^°Ca are computed t o  be about k0% low er than th e  c a lc u -  
10la te d  r a te s  o f  RT. The branching r a t io ,  th en , remains th e  same as 
10th a t p red ic ted  by RT. This supports th e  RT cla im  th a t th e ir  r e s u lt s
are independent o f  th e  ch o ice  o f  n u clear  m odel. The p r e d ic t io n  o f
Borchi and deGennero"*"  ^ fo r  th e  photon asymmetry i s  th e  same as th a t
predicted"*"0 by RT at th e  low er energy end o f  th e  photon spectrum but
th e  asymmetry i s  r e la t iv e l y  in crea sed  by about 10% a t th e h igh  energy
end o f  th e  spectrum . I t  i s  probably the case  th a t th e  com putations o f
15Borchi and deGennero do not tak e in to  account a l l  o f  th e  n o n -lo c a l  
e f f e c t s  in  th e  r a d ia t iv e  capture p r o c e s s .
7F earing  lias g iven  a co n c ise  account o f  th e  photon momentum- 
muon sp in  asymmetry summarized in  a g en era l theorem . He cau tion s th a t  
n e g le c ted  terms in  th e  r a d ia t iv e  capture p rocess may e f f e c t  th e  value  
o f  th e  photon asymmetry s in c e  th ey  are second-order co rr e c tio n s  t o  th e  
branching r a t io  but f ir s t -o r d e r  co rr e c tio n s  t o  th e  photon asymmetry.
III. DESCRIPTION OF THE EXPERIMENT
A. Muon and Pion Beams
23The Space R ad ia tion  E f fe c t s  Laboratory sy n ch rocyclo tron  was 
operated  on a 19 m il l is e c o n d  p u lsed  c y c le  w ith  a duty fa c to r  o f  about 50%.
During each machine c y c le  th e  proton beam i s  a c c e le r a te d  to  
600 MeV and brought to  a c o a s t in g  o r b it  where TT~ are produced by proton  
c o l l i s i o n s  on a carbon fila m en t in t e r n a l  ta r g e t  (F ig . 2 ) .  The fr in g in g  
f i e l d  o f  th e  c y c lo tro n  main magnet d ir e c t s  pions o f  th e  d e s ire d  charge 
and momentum t o  th e  A and B quadrupole le n s e s  which focu s th e  beam, 
cau sin g  i t  t o  e n te r  a co rr id o r  o f  22 containm ent quadrupoles c a l le d  th e  
muon ch an n el.
A n e g a tiv e  muon beam d ev e lo p s as a number o f  th e  ir~ undergo  
weak decay in  f l i g h t .  The decay i s  i s o t r o p ic  in  th e  p ion  r e s t  frame 
but angu lar momentum co n serv a tio n  and th e  r igh t-h an d ed  h e l i c i t y  o f  th e  
f i n a l - s t a t e  a n t in e u tr in o  g iv e  r i s e  t o  muons t o t a l l y  lo n g itu d in a lly  
p o la r iz e d . The beam which emerges from th e  muon chann el i s  composed o f  
p io n s , a h ig h er  momentum "forward" muon beam p a r t ia l ly  p o la r iz e d  in  th e  
downstream d ir e c t io n  (a lo n g  th e  muon momentum in  th e  la b o ra to ry  frame) 
and a low er momentum (85 MeV/c) "backward" muon beam w ith  p a r t ia l  
p o la r iz a t io n  p o in t in g  upstream .
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9The d e s ir e d  "beam component i s  mom entum -selected a t th e muon 
channel d ip o le  magnet and e n te r s  th e  upstream  and downstream quadru- 
p o le s  fo r  f i n a l  fo cu s in g  b e fo r e  emerging in t o  th e  exp erim en ta l area at 
a h e ig h t  o f  137 cm from th e  f lo o r .
R ev ersa l o f  th e  p o la r i t y  o f  a l l  th e  magnets r e s u l t s  in  a tt+ 
and y beam gen erated  w ith  momentum and, fo r  th e  muon, a magnitude o f  
th e  muon sp in  p o la r iz a t io n , id e n t ic a l  t o  th e  tt“ and y” beam s. The 
forward y~ and y+ beams were n o t used and h en ceforth  "muon beam" w i l l  
r e f e r  to  the "backward" y~ beam.
B. E xperim ental Geometry
A d ir e c t  measurement in d ic a te d  th a t  75$ o f  th e  muon beam
w hich emerged from th e  35cm x  35cm aperture in  th e  downstream quadrupole
(F ig . 3) p assed  through a 15cm wide by 20cm h igh  opening in  a w a ll  o f
b o ra ted  p o ly e th y le n e  and co n cre te  design ed  t o  absorb most neutrons
produced by th e  in te r a c t io n s  o f  y~ which stopped in  th e  quadrupole and
reduce th e o v e r a l l  background due to  b eam -associa ted  e v e n t s . Downstream
o f  counter 1 , th e  s h ie ld in g  fo r  th e  Nal d e te c to r  was composed o f  lea d  
i  2.ks in c e  th e 7^ n sec  l i f e t im e  o f  a y stopped in  lea d  i s  sh o r t in  compari­
son w ith  a p r o te c t io n  tim e in t e r v a l  o f  1000 n sec  which was imposed by 
th e  e le c tr o n ic  l o g i c .
The beam was m onitored by four p l a s t i c  s c i n t i l l a n t s  and a
V
p l a s t i c  Cerenkov counter as shown in  F ig . 3 .
T argets were h e ld  w ith in  counter U cen tered  a lon g  th e  beam 
l in e  in  th e  15cm gap between 25cm x  25cm p o le  t ip s  o f  th e  p r e c e ss io n
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m agnet. In t h i s  geom etry, th e  beam l i n e ,  p r e c e ss io n  magnet f i e l d ,  and
th e  Nal a x is  were m u tually  o r th o g o n a l. The r e s id u a l  p o la r iz a t io n  o f
a stopped muon p o in ted  upstream  (towards counter l )  and su b seq u en tly
p recessed  in  th e  p lane d e fin ed  by th e  beam l in e  and Nal a x i s .
The seven Nal p h o to m u ltip lie r  tu b es were e n c lo se d  by a double
r in g  o f  s o f t  iro n  c y lin d e r s  to  s h ie ld  them from th e  m agnetic f i e l d .
60The p u lse  h e ig h t respon se o f  th e  N al t o  th e  1 .3 3  MeV l in e  o f  a Co 
source showed no v i s i b l e  ga in  s h i f t  in  a p r e c e ss io n  f ie ld , o n /o f f  t e s t .
In order t o  le s s e n  th e  sy ste m a tic  e f f e c t s  due t o  th e  p resen ce  o f  th e  
f i e l d ,  th e  magnet was on throughout th e e n t ir e  experim en t. The non­
u n ifo rm ity  o f  th e  f i e l d  throughout th e  ta r g e t  volume was measured t o  be 
l e s s  than 1 .3 #  a t  an average f i e l d  s tr en g th  o f  537*6 g a u ss . The magnet 
was d riven  by a DC power supply m onitored d u rin g  each run by observ in g  
th e  c o i l  v o lta g e  and th e  v o lta g e  acro ss  a shunt in  th e  power su p p ly .
To in su re  a co n sta n t s o l i d  angle (d e fin e d  by th e  p o s it io n in g  
o f  th e  ta r g e t  and counter 8 ) ,  Mylar tap e  on th e  magnet p o le  t ip s  ou t­
l in e d  th e  p o s it io n in g  o f  counter k , which supported th e t a r g e t ,  and th e  
o r ie n ta t io n  o f  counter 8 was f ix e d  by i t s  in s e r t io n  in to  a s lo t t e d  sh e e t  
o f  le a d  which was capped over th e  N al and r e s te d  on th e  ou ter  iro n  r in g .
Photon and e le c tr o n  e v en ts  were id e n t i f i e d  by a  counter hodo-
V
scop e c o n s is t in g  o f  fou r  p la s t i c  s c i n t i l l a n t s , a p la s t i c  Cerenkov 
co u n ter , and a Nal(TJl) d e te c to r  (F ig . 3 ) .
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C. E le c tr o n ic  Logic
A calcium target (97% ^ C a n a tu r a l abundance) m easuring 12.5 x
17*5 x 1 . 88cm was t i l t e d  a t  1+5° to  th e  v e r t ic a l  t o  p resen t an e f f e c t iv e
3 2target 1 2 .5  x  12.5 x 2 , 5cm (3 .9  gm/cm ) t o  th e  beam. The beam entered
th e ta r g e t  a f t e r  p assin g  through counter 3 , which was con stru cted  as a
1 2 . 5cm x 1 7 . 5cm x 0 . 157cm p la s t ic  s c i n t i l l a n t  o p t ic a l ly  coupled t o  th e  
ta rg e t s id e  o f  a th in  s la b  o f  L ucite t o  minimize th e  co n tr ib u tio n  o f  
th e m a ter ia l o f  th is  co u n ter  t o  the s to p  r a te . A n tico in cid en ce  counter h 
surrounded th e  remaining exposed ta r g e t  so  th a t a muon stop  in  th e  t a r ­
get was d e fin e d  by a 1 * 2 - C l*3*Ii c o in c id e n c e .
To insure th a t  th e  recorded tim e d is tr ib u t io n  o f th e  even ts  
was unambiguous, stop co in c id en ces  were "cleaned", i . e . , r e je c te d , i f  
another beam p a r tic le  a r r iv e d  in  th e  experim en ta l a rea , as evidenced by
a second 1*2 co in c id en ce , w ith in  +1 p se c  (about th ree  muon l i f e t im e s  in
ca lciu m ), as shown in  F ig .
S in ce  the b ranch in g  r a t io  i s  u lt im a te ly  exp ressed  as a r a t io  
o f  the number o f photons t o  e lec tro n s  record ed , th e  lo g ic  p r o te c tio n  
c ir c u it s  d escr ib ed  below w ere designed  fo r  both photon and e le c tr o n  
events in  order that sy s te m a tic  e f f e c t s  in  th e  a n a ly s is  would c a n c e l.
Event s ig n a tu res  and photon-neutron d is c r im in a t io n . Photons 
which con verted  in  a 0 . 30cm lead  sh ee t sandwiched between counters 6 
and 7 were id e n t if ie d  by a  5,6*7*02*8 co in c id en ce  (F ig . 5 ) .  An e lec tr o n  
signature was 5*6*7*02*8. Both typ es o f  even ts produced r e l a t i v i s t i c
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p a r t ic le s  so th a t  Cerenkov counter C2 provided id e n t i f ic a t io n  as w e l l  as 
d iscr im in a tio n  a g a in st p o s s ib le  neutron-induced proton knockout even ts  
in  th e  counters or lead  s h e e t .
Pion P r o te c t io n . Prompt photons from a sm all beam contamina­
t io n  o f  pions were vetoed  by a fa s t  1 ,2  in  a n tico in c id en ce  w ith  7*C2*8 
c o in c id e n c e s .
Carbon decay e le c tr o n  contam ination . A s im ila r  3 a n t ic o in ­
c id en ce  w ith  a 7*C2*8 co in c id en ce  le sse n e d  th e  p r o b a b ility  o f  d e te c t io n  
o f  decay e le c tr o n s  from muon sto p s  in  t h i s  cou n ter .
P ile -u p  p r o te c t io n . The lo n g  r e la x a t io n  tim e con stan t o f  th e  
N a l(T l) ,  which n e c e s s ita te s  in te g r a t in g  th e  e le c tr o n ic  respon se over an 
extended tim e in t e r v a l ,  r a is e d  th e  p o s s ib i l i t y  o f  record in g  a f a ls e  h igh  
energy photon even t because o f  p u lse  h e ig h t a d d itio n  o f  a tru e  photon 
even t and a second (u n d etected ) p a r t ic le  en ter in g  th e  H al. In co n sid era ­
t io n  o f  t h is  (F ig . 6 ) ,  th e  Hal output was f i r s t  a m p lified  by a fa c to r  
o f  2 .  One o u tp u t, used fo r  th e  energy measurement was fu r th er  a m p lified , 
th en  in teg r a te d  and d ig i t i z e d .  A second ou tp u t, used as a tim in g  p u lse ,  
was fed  in to  a tim in g  d iscr im in a to r  w ith  a m od ified  AC coupled in p u t .
The tim in g  d iscr im in a to r  output p u lse s  were r e je c te d  i f  a second  
d iscr im in a to r  p u lse  occurrec up to   ^ y sec  e a r l i e r  or up t o  1 y sec  la t e r  
in  t im e . The even t d e te c t io n  e f f ic ie n c y  and th e  e f f e c t iv e n e s s  o f  th e  
p ile -u p  r e j e c t io n  c ir c u i t  were maximized by s e t t in g  th e  tim in g  d is ­
crim in ator  th resh o ld  ju s t  above th e  n o is e  band o f  th e  Nal input p u ls e s .
13
As a  p recau tion ary  measure in  th e  even t th a t  th e  p ile -u p  
r e j e c t io n  c ir c u i t  was n ot as e f f i c i e n t  as hoped, photon and e le c tr o n  
ev en ts  were a ls o  d iscard ed  i f  a charged p a r t ic le  ( in  th e  case o f  an 
e le c tr o n  e v e n t , a second charged p a r t ic le )  was d e te c te d  w ith in  +1 usee  
as evidenced  by a 5*6 co in c id e n c e . However, on removing th e second  
5 ’6 "cleaning" but r e ta in in g  th e  p ile -u p  p r o te c t io n , no change in  th e  
r a te  o f  e le c tr o n  even ts per muon s to p  was observed , g iv in g  a good in d i­
c a tio n  th a t th e  p ile -u p  r e j e c t io n  c ir c u i t  was working e f f i c i e n t l y .
About 12$ o f  a l l  e le c tr o n  even ts were r e je c te d  by t h i s  c i r c u i t . The 
tim in g  d iscr im in a to r  output r a te  during d a ta  c o l le c t io n  runs was 1 p u lse  
per U2 y sec .
P u lse s  from counter 8 c o n s t itu te d  th e  tim e p ic k o f f  o f  a l l  
e v e n ts . The 5 ,6  v e to  was p e r io d ic a l ly  removed ftrom th e  photon s ig n a ­
tu re  t o  a llow  each e le c tr o n  even t to  rou te as both  an e le c tr o n  and 
photon ev en t. The "photon" s c i n t i l l a n t  tim in g  p u lse  was then tim ed to  
w ith in  j\L n sec  o f  th e  e le c tr o n  tim in g  p u lse  p r io r  t o  co in c id en ce  w ith  
a Nal tim in g  p u ls e . T his procedure insured  th a t  th e  tim e d is tr ib u t io n s  
o f  th e  photon and e le c tr o n  ev en ts  were recorded w ith  re sp e c t t o  th e  
same muon sp in  phase.
A s c i n t i l l a n t  even t s ig n a tu re  in  co in c id en ce  w ith  a Nal 
tim in g  p u lse  produced a tim e t o  am plitude con verter  (TAC) START s ig n a l .
A delayed  muon stop  s ig n a tu re  c o n s t itu te d  th e  STOP in p u t o f  th e  TAC.
The TAC i t s e l f  was gated  by a 1500 n sec w ide co in c id en ce  between a muon 
s to p  and an even t p u ls e , con stru cted  so  th a t  600 n sec  was a v a ila b le  for  
background ev en ts  ( i . e . , ev en ts  occuring b e fo re  th e  a c tu a l muon s to p  
s ig n a tu re ) and 900 nsec fo r  foreground e v e n ts .
lU
Both th e d ig i t iz e d  TAC output and th e  d ig i t iz e d  energy in ­
form ation were p rocessed  by th e  SREL o n - lin e  data a c q u is it io n  system .
The e le c tr o n  and photon ev en ts  were d is t in g u ish e d  by ro u tin g  each to  
sep arate  256 channel s e c to r s  o f  th e  energy analog to  d i g i t a l  converter  
(ADC). The energy and tim e in form ation  o f  each photon and, due t o  ra te  
l im it a t io n s ,  every  o th er  e le c tr o n  even t were w r itten  t o  m agnetic ta p e .
S c a le r  r a te s  fo r  a t y p ic a l  RMC data c o l le c t io n  run are d is ­
p layed  in  Table 1.
D. Background
The major source o f  background in  th e  RMC photon spectrum  
was e x te r n a l brem sstrahlung (h en ce fo r th , "brem sstrahlung11) produced by 
th e s c a t te r in g  o f  muon decay e le c tr o n s  in  th e  ta r g e t .  I f  we use th e
10 -Up red ic ted  branching r a t io  o f  RMC t o  MC o f  about 2 .0  x 10 to  e s ­
tim ate th e  t o t a l  number o f  RMC even ts observed , i t  i s  then deduced th a t  
th ere  i s  about Uo tim es th a t  number o f  brem sstrahlung ev en ts  contam inat­
in g  th e  foreground RMC s ig n a l .  Moreover, th e  recorded tim e d is tr ib u t io n  
and asymmetry o f  th e  brem sstrahlung spectrum  are s im ila r ,  t o  w ith in  a 
few p e r ce n t, o f  th e  decay e le c tr o n  d a ta , in d ic a t in g  i t  o r ig in a te s  from 
th e decay e le c tr o n s  o f  muons bound t o  calcium  n u c le i .
In  th e  t h e o r e t ic a l  study o f  th e  e le c tr o n  energy spectrum from
pC
bound-muon d ecay , H uff showed th a t fo r  c a lc iu m -lik e  atoms about 3% o f  
th e e le c tr o n  momenta exceed  th e  1^ /2  ( -  53 MeV/c) l im it in g  momentum o f  
free-muon decay e le c tr o n s ,  extend in g  up t o  about 57 MeV/c. I f  we con sid er
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the broad photon r e so lu tio n  o f  the Nal d e tec to r , i t  i s  p o ss ib le  th a t  
brem sstrahlung may contaminate the RMC data up t o  about 65 MeV.
A measurement o f  the beam -unassociated background, t o  be d i s ­
cussed momentarily, showed th a t i t  was not in ten se  enough to  produce 
the observed background le v e l  o f  e ith e r  photon or e lec tro n  events below  
63 MeV. The summed foreground and background photon energy sp ectra  o f  
th e  data c o l le c t io n  runs (F ig . 7) observed t o  be s im ila r  in  ap­
pearance. This s im ila r ity  a lso  holds fo r  the foreground and background 
e lec tro n  energy sp e c tra , where the foreground spectrum i s  known to  
o r ig in a te  from muon decay e le c tr o n s . We conclude th a t the m ajority o f  
th e  background photon and e lec tro n  events are beam -associated , and are 
presumably due to  re je c ted  muon stops which produced an event w ith in  
the background tim e in te r v a l o f  an accepted muon sto p .
An enlarged view o f  the foreground and background photon energy 
sp ectra  in  the region  o f th e  upper l im it  o f  th e brem sstrahlung i s  shown 
in  F ig . 8 . In the background spectrum a h ig h ly  populated d is tr ib u tio n  
o f brem sstrahlung events below 63 MeV i s  seen  t o  f a l l  abruptly in to  a 
gen tly  sloped  d is tr ib u tio n  o f  photons o f  h igher en e r g ie s . The smoother 
d is tr ib u tio n  o f  photon events above 63 MeV observed in  the foreground 
spectrum corresponds to  th e presence o f  th e  RMC s ig n a l .  From t h is  study, 
a lower l im it  o f  63.5 MeV for  accep tin g  RMC events for a n a ly sis  was 
chosen. However, a ca re fu l exam ination o f  the foreground d is tr ib u tio n  
o f  photon events shows an in f le c t io n  between 63.5 MeV and 6 h . 5 MeV 
which bears con sid eration  and w i l l  be d iscu ssed  fu rth er .
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With th e  cy c lo tro n  o f f ,  th e  "beam-independent background was 
measured by u sin g  a p u lse  gen erator  t o  s im u la te  s to p  co in c id en ces  w ith  
th e  rem ainder o f  th e  e le c tr o n ic  lo g ic  o p era tin g  as u s u a l. The data
accum ulated w ith  th e  beam o f f  i s  d isp la y ed  in  F ig .  9 . We b e l ie v e  th e
b eam -off e le c tr o n  energy spectrum t o  rep resen t charged showers which  
tr a v e rsed  th e  Nal a t a l l  p o s s ib le  e n te r in g  an g les c o n s is te n t  w ith  th e  
counter geom etry. As a sce r ta in e d  from th e  s c a le r  r e a d in g s , 99% o f  th e  
beam -off e le c tr o n  s c i n t i l l a n t  s ig n a tu re s  were accompanied w ith  a c o in ­
cident N al tim in g  p u ls e .  T his a ssu res  th a t  th e  100 n sec  d u ra tion  o f  th e
Nal tim in g  p u lse  was w ide enough. I f  th e  rem aining 1$ o f  ev en ts  were
e ith e r  o f  in s u f f i c i e n t  energy t o  produce a tim in g  p u lse  or were r e je c te d  
by th e  Nal p ile -u p  lo g i c ,  then  th e  Nal d e te c t io n  e f f i c i e n c y  was g rea ter  
than 99% throughout th e  e n t ir e  energy s c a le .
The background l e v e l  o f  th e  RMC photon data  betw een 63*5 MeV 
and 89-5  MeV was observed t o  be 1 .3 8  +_0.08  e v e n ts /c h a n n e l. The r e ­
corded number o f  b eam -off even ts ( fo r  th e  same number o f  s im u la ted  
s to p s )  in  th e  same energy in t e r v a l  r e s u lt s  in  O.78 +_0.05 e v en ts /ch a n n e l  
or about 57$ o f  th e  observed r a te .  We n ote  th e  s im i la r i t y  o f  th e  s lo p e s  
in  th e  beam-on and b eam -off background photon energy sp e c tr a  between 63 
and 90 MeV (F ig s . 8 and 9 ) .
The photon energy s c a le  was c a lib r a te d  by ob serv in g  prompt 
photons from p ion s captured on p ro to n s. During a s p e c ia l  s e t  o f  th ese  
ru n s, th e  con verter  th ic k n e ss  was s u c c e s s iv e ly  d im in ished  in  order t o  
measure th e  r e la t iv e  number o f  photons per p ion  capture per cm o f  lea d
IT
co n v erter . From th e  d a ta  o f  th e se  runs (F ig . 10) i t  i s  c le a r  th a t  th e  
photon s ig n a l  d ecrea ses  l in e a r ly  w ith  d ecrea s in g  co n v er ter  th ick n e ss  
and no d is c e r n ib le  s ig n a l  i s  observed w ith  th e  co n v erter  removed.
About 3% o f  th e  t o t a l  beam tim e was devoted t o  runs w ith  th e  
con verter  removed. A com parison w ith  th e  0.30cm  "converter-on" runs 
showed a r ed u c tio n  in  th e  number o f  background-subtracted  photon e v en ts  
below 63 MeV by a fa c to r  o f  10 . Events in  th e  "con verter-ou t"  photon  
spectrum  betw een 63 and 90 MeV were eq u a lly  d is tr ib u te d  between th e  
foreground and background tim e channels and occurred w ith  an in t e n s i t y  
( a f t e r  n orm alizin g  t o  th e  "con verter-in "  recorded  muon s to p s )  o f  
0 .7  j^ 0 .2  e v en ts /ch a n n e l or about 51% o f  th e  " co n v erter -in "  background  
r a t e .  I t  i s  n o t p o s s ib le  t o  determ ine from th e  data i f  t h i s  c o n tr ib u tio n  
t o  th e background r a te  p e r s is t e d  w ith  th e  con verter  was in  p la c e .
F i n a l ly ,  th er e  appeared in  a l l  th e  tim e s p e c tr a  (both e le c tr o n  
and photon, and fo r  any chosen energy in t e r v a l)  a contam ination  o f  un­
known o r ig in  in  th e  form o f  an z  10% e x c e ss  number o f  e v en ts  in  th e  
f i r s t  80 tim e channels o f  th e  foreground spectrum  im m ediately  fo llo w in g  
th e  prompt tim e chann el. T his n o is e  was w e l l  con ta in ed  inasmuch as i t  
term in ated  r a p id ly  and co m p lete ly  as determ ined by f i t t i n g  th e  tim e  
sp e c tr a  w e l l  beyond th e  con tam in ation , e x tr a p o la tin g  th e  f i t t e d  spectrum  
in t o  th e  contam inated r e g io n , and su b tr a c tin g  th e  f i t t e d  spectrum from  
th e  d a ta . The d a ta  in  th e  contam inated r e g io n  was n o t u sed  in  any phase  
o f  th e  a n a ly s is .
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E. C a lib r a tio n  o f  th e Timing Logic
TAC C a lib r a t io n . With th e  "beam o f f ,  co in c id en ces  between a 
10 MHz p u lse  t r a in  output from a tim e mark gen era to r  (TMG) and th e  d i s ­
cr im in a ted  p u lse s  o f  counter 1 respon ding  to  a r a d io a c t iv e  source formed 
th e  TAC START s ig n a l .  The slow  100 KHz TMG t r ig g e r  formed th e  TAC STOP 
s ig n a l  so th a t  th e  measured tim e in t e r v a ls  At were
At = -1-? "0^ -r  = 100 n se c , 200 n se c , . . .10 MHz
Two c a lib r a t io n s  o f  th e  TAC g a in , o f  1 .7 5  n sec /ch a n n e l and
1 .7 0  n se c /c h a n n e l, were o b ta in ed . The l a t t e r  c a l ib r a t io n , performed at 
th e  end o f th e  experim ent, was used througout th e  a n a ly s is ,  so  th a t a 
sy ste m a tic  e rr o r  o f  2 .8 #  was a tta ch ed  t o  th e  measured v a lu e  o f  th e  
t o t a l  muon l i f e t im e  in  ca lcium  b ecau se  o f  th e  v a r ia t io n  in  c a lib r a t io n  
r e s u l t s .
I t  was p o s s ib le  t o  check each  data run fo r  anomalous or lo n g -  
range d r i f t s  in  th e  TAC g a in  by u s in g  as a r e la t iv e  m onitor th e  muon 
s p in  p r e c e ss io n  frequency determ ined from th e  decay e le c tr o n  tim e 
s p e c tr a . The p r e c e ss io n  frequency sh o u ld  not vary s in c e  th e  p r e ce ss io n  
magnet f i e l d  s tr e n g th  was c o n sta n t. I t  was found t h a t ,  ex cep t for  a 
sm a ll number o f  co n secu tiv e  ru n s, th e  muon sp in  p r e c e ss io n  r a te  was 
c o n sta n t throughout the experim en t. The data  from th e  group o f  runs in ­
c o n s is t e n t  w ith  th e  m a jo rity  gave r e la t iv e  v a lu es  o f  both  th e  muon sp in  
p r e c e s s io n  frequency and muon l i f e t im e  in  ca lciu m  h ig h er  by  about 8 # .  
However, th e  d a ta  from th e s e  runs were accep ted  fo r  a n a ly s is  and in  so
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doing (a ) s h if t e d  th e  f in a l  va lu es o f  th e  measured l i f e t im e  and p re­
c e s s io n  frequency by about l ,k%  upward and (b) co n tr ib u ted  to  a s l ig h t  
"washing out" o f  th e  recorded asymmetry o f  both  photons and e lec tr o n s  
when th e  tim e sp e c tra  o f  a l l  data  runs were summed to g e th e r . This w i l l  
be d iscu ssed  la t e r .
L in e a r ity . To t e s t  th e  TAC fo r  l in e a r i t y ,  a h ig h  r a te  o f  t im e-  
independent s ig n a ls  was n ecessa ry  and thus th e  TAC START was rep laced  by 
a (5 ,6 )  s in g le s  p u ls e . The beam remained o f f  during t h i s  tim e and no 
r a d io a c t iv e  sou rces were employed. The t e s t  in d ic a te d  some p ile -u p  in  
th e  TAC channels below  160 . C onsequently, what l i t t l e  d a ta  e x is t e d  
below channel 180 was not in clu d ed  in  th e  a n a ly s i s .
R e so lu tio n . The tim in g  r e s o lu t io n  was determ ined from the  
tim e spectrum o f  photons from p ions stopped in  a LiH ta r g e t  as taJcen 
d u rin g  each photon energy c a lib r a t io n  run, A t y p ic a l  tim in g  spectrum  
(F ig . l l )  f i t  t o  a  Gaussian d is tr ib u t io n  in d ic a te d  n sec  f u l l  w idth a t  
h a l f  maximum (FWHM).
F . C a lib ra tio n  o f .t h e  Photon Energy Spectrum
P er io d ic  c a lib r a t io n  o f  th e  photon spectrom eter was done by 
ob serv in g  the prompt photons from th e  p ro cesses :
tt”p n y  ( l )
Tr“p n7T° (2)
I— -YY
which m a te r ia liz e d  in  the 0.30cm le a d  co n v erter .
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In ( l )  th e  photon i s  m onoenergetic w ith  energy 1 2 9 .  ^ MeV.
In (2 ) ob serva tion  o f  e ith e r  photon g iv e s  a f l a t  d is tr ib u t io n  o f  photon  
en erg ie s  from 55 MeV t o  83 MeV due t o  Doppler s h i f t in g  as a r e s u l t  o f  
th e  r e s id u a l energy o f  th e  tt° .
The muon channel d ip o le  magnet was s e t  to  s e l e c t  th e  200 MeV/c 
p ion  beam and th e  degrader in crea sed  t o  10cm o f  borated  p o ly e th y len e  and 
IT.5cm o f  grap h ite  t o  s to p  most p ion s in  a p la te  o f  LiH or Li used in  
p la c e  o f th e  calcium  t a r g e t .  The 1 ,2 ,3  v e to  was removed from th e  photon 
s ig n a tu re  t o  a llo w  ob serva tion  o f  th e  prompt photon e v e n ts .
The prompt photon energy spectrum  o f  tt” in  Li was norm alized
and su b tracted  from th e  photon energy spectrum o f  tt“ in  LiH in  a c co r -
26dance w ith  th e  r e s u lt s  o f  Chabre e t a l .  t o  g iv e  th e  photon energy  
spectrum from p ro cesses  ( l )  and (2 ) above (F ig . 1 2 ).
The a b so lu te  d e te c t io n  e f f ic ie n c y  fo r  photons could  not be  
determ ined from th e  7T~ (L iH -Li) c a lib r a t io n  runs due t o  an u n cer ta in ty  
in  th e  a c tu a l number o f  p ion  sto p s in  th e  ta r g e t .  Moreover, th e  data  
from th e se  runs could  not e a s i l y  be used t o  determ ine th e energy depen­
dence o f  th e  conversion  p r o b a b ility  o f  photons in  th e  le a d  s h e e t .  
In s tea d , th e  photon d e te c t io n  e f f ic ie n c y  versu s photon energy was com­
puted by a Monte Carlo s im u la tio n  o f  th e  passage o f  photons througjh th e  
experim ental geom etry, as d isc u sse d  in  Appendix 1 .
A lso  d isp la y ed  in  F ig . 12 i s  th e  r e s u l t  o f  a Monte Carlo  
c a lc u la t io n  o f  th e  Nal energy spectrum  corresponding t o  p ro cesses  ( l )  
and ( 2 ) .  The s t a t i s t i c s  o f  th e  Monte Carlo r e s u lt  have been removed
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by curve sm oothing. The assumed gain  o f  th e  Nal energy s c a le  used in  
th e  c a lc u la t io n  was 0 .5 1 1  M eV/channel. By co in c id e n c e , t h i s  i s  very  
n ea r ly  th e  determ ined gain  o f  th e  experim ental Nal energy s c a le  so  th at  
th e two sp e c tra  in  F ig . 12 can be compared d ir e c t ly .  Reasonable agree­
ment i s  s e e n . The computed ab so lu te  photon d e te c t io n  e f f ic ie n c y  versus  
primary photon energy i s  d isp la y ed  in  F ig . 13. A 0 .30  cm Pb con verter  
i s  assumed in  p o s it io n .
The e le c tr o n ic  respon se o f  th e  Nal t o  129.^  MeV photons which 
m a te r ia liz e d  in  th e converter can be noted  in  th e  h igh er  energy peak o f  
F ig . i h .  We note from F ig . 10 th a t th e  sep a ra tio n  between th e  upper 
(I2 9 .lt MeV) peak and th e  low er (55-83 MeV) peak worsens w ith  in crea s in g  
con verter th ic k n e ss , in d ic a t in g  th a t  th e  converted  photon p a ir  s u ffe r s  
in te r a c t io n s  ( s c a t te r in g , io n iz a t io n , brem sstrahlung) in  th e  lea d  sh eet  
and counters 7 , 02 , and 8 . Thus, th e  r e s id u a l energy o f  th e  p a ir  en ter in g
th e  Nal i s  not a p r io r i  m onoenergetic fo r  each 129.^  MeV event recorded .
27Pondrom and S t r e lz o f f  showed th a t  th e  e le c tr o n ic  resp o n se , 
or r e s o lu t io n  fu n c tio n , o f  a Nal d e te c to r  t o  m onoenergetic even ts o f  
energy can be re -ex p ressed  as a fu n ctio n  R (p ), where p i s  the
r a t io  o f  energy Emeasure^ t o  Et r u e ’ fu rth er  showed th a t  R(p) i s
th e same whether co n stru cted  from th e  r e s o lu t io n  fu n ctio n  o f  mono­
en e rg e tic  even ts o f  energy or from a r e s o lu t io n  fu n ctio n  o f  an
energy d if f e r e n t  from E^rue' We can co n stru ct R(p) from th e  ex­
p r e ss io n s  :
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R ( p ) = ^ 3 %  • ^
p
1 2 9 .U MeV + ( l - I 1 29 ,l*)M E_   p measured
P 129-^ MeV E.tru e
In th e s e  ex p ress io n s  d a t a ( l )  den otes th e  number o f  1 2 9 .  ^ MeV
129 ^ev en ts  observed in  th e  I th  Nal ch an n el, I  ' denotes th e  peak channel 
o f  th e  129.it MeV d is t r ib u t io n  o f  e v e n ts , and M i s  th e  ga in  o f  th e  Nal 
energy s c a le  in  M eV/channel. An e x p o n e n tia l fu n c tio n  was used t o  ap­
proxim ate th e  number o f  129.it MeV ev en ts  below  channel 1^5 which could  
not be sep arated  from th e  d is t r ib u t io n  o f  ev en ts  in  th e  low er energy  
peak . D a ta ( l)  i s  g iven  fo r  I  >_ lU5 by th e  d a ta  in  F ig . lit  and
d a t a ( l )  = d a ta (llt5 ) e x p ( ( l - l l t 5 ) A )  fo r  1 < I <_ litit. The param eters 
129 .itI  M, and A. must be determ ined.
P
The r e s o lu t io n  fu n c tio n  fo r  a l l  photon e n e rg ie s  betw een 55 
and 83 MeV were co n stru c ted  from R (p ) . These c o n str u c tio n s  in trod uced  
two param eters: th e  assumed peak channel p o s i t io n  I'*'* o f  th e  55 MeV
Qo
r e s o lu t io n  fu n c tio n  and th e  assumed peak channel p o s it io n  I  o f  th e  
83 MeV r e s o lu t io n  fu n c t io n , which were th en  used  t o  e x tr a p o la te  
l in e a r ly  th e  peak channels o f  th e  o th er  r e s o lu t io n  fu n c t io n s . Each o f  
th e  r e s o lu t io n  fu n c tio n s  (from  55 t o  83 MeV) was norm alized  t o  i t s  
corresp onding a b so lu te  photon d e te c t io n  e f f i c i e n c y .  A l l  th e  r e s o lu t io n  
fu n c tio n s  betw een 55 and 83 MeV were th en  summed to g e th e r , c h a n n e l- fo r -  
ch an n el, and th e  r e s u lta n t  spectrum  norm alized  t o  th e  same t o t a l  number 
o f  ev en ts  in  th e  low er energy peak o f  F ig , lU ( a f t e r  su b tr a c tin g  from
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t h is  d is tr ib u t io n  th e  ex p o n en tia l t a i l  below  channel 145 o f  th e  129 .4
2
MeV d is t r ib u t io n ) .  The x o f  th e  f i t  was th en  computed. The v a r ia b le s  
were ad ju sted  u n t i l  a b e s t - f i t  t o  th e low er energy p ea t was obtained  
(F ig . 1 4 , darkened c i r c l e s ) .
The b e s t - f i t  va lues o f  th e  v a r ia b le s  were:
M = 0 ,5 1  MeV/channel
X = 45 .5  channels 
.,.129.4
p = channel 194
1 ^  = channel 124 
P
I 55 = channel T7 
P
X ^ /f it t e d  channel = 1,016
The fu n c tio n  R(p) i s  d isp la y ed  in  F ig . 1 5 . R eso lu tio n  func­
t io n s  fo r  photons o f  s e v e r a l en erg ie s  are d isp la y ed  in  F ig . l 6 .  Both 
f ig u re s  rep resen t smooth curves drawn through th e  tr u e  r e so lu t io n  
fu n c t io n s ,
IV. DATA ANALYSIS
A. Decay E lectron  Time Spectra
I f  we assume a muon i s  bound a t t  -  0 t o  a calcium  nu cleus in  
th e  calcium  ta r g e t ,  th e  p r o b a b ility  o f  observ in g  a decay e le c tr o n  in  the  
tim e in te r v a l  t  t o  t  + dt a t an an g le  <£ w ith  re se p c t to  th e  muon sp in  is :
I ( t )  = e x p ( - t /x Ca)A ^  (1  + Pa cos <j>)dt (3)
where
i s  th e  l i f e t im e  o f  a bound muon t o  a calcium  n u c le u s ,
CaA_. i s  th e  decay r a te  o f  a muon bound t o  a calcium  nucleus  Decay
(taken  from Huff t o  be (99 +. l ) $  o f  the fr e e  muon 
decay r a t e ) ,
P i s  th e  magnitude o f  th e  r e s id u a l muon p o la r iz a t io n  in  
th e  ground s ta te  muonic atom and i s  g iven  by th e  mag­
n itu d e  o f  th e  beam p o la r iz a t io n  Pfl m u ltip lied  by the  
p o la r iz a t io n  fa c to r  D in  calcium
ag i s  th e  average asymmetry o f  th e  decay e le c tr o n  momenta 
w ith  re sp e c t to  th e  muon sp in  o f  a l l  recorded e le c tr o n  
e v e n ts , and
2k
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(j) = ait + <j>g i s  th e  angle between th e  muon sp in  and th e  tim e p ic k o f f  
counter 8; U) i s  the sp in  p r e ce ss io n  r a te  and th e sp in  
phase a t t  = 0 .
We take d t t o  be th e  tim e channel w idth o f  1 .7 0  n se c . We 
than g e n e r a liz e  t o  th e  ca se  o f  N muons and d e f in e  th e  v a r ia b le s  A and 
a s: A = K x (1 .7 0 )  channel- '5' and S^a = Pag ( d im en sio n le ss) .
We r e p la c e  the phase <J>q w ith  <f>g -  tt/ 2 . I f  we make th e s e  changes in  
Eq. ( 3 ) ,  l ( t )  d e f in e s  th e number o f  decay e le c tr o n s  o r ig in a t in g  from 
muons bound to  ca lcium  n u c le i  observed in  th e  tim e channel o f  tim e  
coord in ate  t  ( ig n o r in g  geom etrica l fa c to r s )
I ( t )  = A e x p (- t /T Ca) ( l  + SCa s in  (tot + (j^))
To th is  l ( t )  we add a term fo r  th o se  decay e le c tr o n s  o r ig in a ­
t in g  from muons bound to  carbon n u c le i  ( s c i n t i l l a n t s  3 and k) and a term  
fo r  th e  background G per channel as determ ined from th e  background tim e  
( t  < 0) d is t r ib u t io n .  We f in a l ly  ob ta in
(k)
where
I ( t )  = A ex p (-t/T Ca) ( l  + SCa s in  (wt + <f>Q)) +
B e x p (- t /T c ) ( l  + Ssc s in  (wt + $ 0 ))  + G,
(=203U n sec) i s  th e  l i f e t im e  o f  a muon bound to  a
2kcarbon nucleus and
S = (Pt,*D *a ) ,  where D i s  th e  p o la r iz a t io n  fa c to r  in
SC J5 SC 6  SC
s c i n t i l l a n t .
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S was e lim in a ted  as an independent v a r ia b le  by usin g  th e  s c
28 29combined r e s u lt s  o f  Sundelin  e t  a l .  and Anderson (D,_ /Ii„ , =
— — 0  a  C a r b o n
0 .7 0  + 0 .0 2 ) and Buckle e t  a l.^ °  (D„ /Dp , = 0 .3 3 ) ,  to  obtain—   Sc Carbon
S = Sp /2 .1 2 .  The foreground decay e le c tr o n  tim e d is tr ib u t io n
SC  (j E
(F ig . 17a) in  th e  tim e in te r v a l from 137 .7  n sec  through 783.7  n sec  from 
t  = 0 o f  each RMC data  run was le a s t -sq u a r e s  f i t t e d  t o  th e tim e d i s ­
tr ib u t io n  fu n ctio n  l ( t )  w ith  A, Tp , S , to, <pn and B v a r ia b le .LSI C£L U
2
The norm alized x o f  th e  b e s t  f i t s  t o  th e 63 in d iv id u a l sp ec tra
2
were d is tr ib u te d  about 1 .0  w ith  90% o f  th e  x ly in g  w ith in  th e  in te r v a l  
2
0 .9  £_ X £ .1 .1 .  The combined r e s u lt s  o f  th e  in d iv id u a l f i t s  gave 
TCa = (366 +. 8) n sec  
SCa = 0.01+57 + 0 .0005  
to = (0.01+689 0 .00007) r a d ia n s /s e c
<|)q = ( 1 . 63+. 0 .0 2 ) rad ian s  
B/A -  (2 .3  + 0.2)58 
G/A = 7 .9%
The error a s so c ia te d  w ith  i s  due, fo r  th e  most p a r t , to  
th e  sy stem a tic  error a ttach ed  t o  th e  TAC c a lib r a t io n .
From th e  sum o f  th e  in d iv id u a l e le c tr o n  tim e sp ectra  we
o b ta in ed 1
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TCa = 365.7  nsec
Sn ~ 0 .0 4 l l6  Ca
0) = 0 . 01(673 ra d ia n s/n sec  
(J>0 = 1 .6 3 1  radians
w ith  errors s im ila r  t o  th o se  above. A comparison o f  th e  r e s u lt s  o f  th e  
summed data  t o  th e  r e s u lt s  o f  th e  in d iv id u a l f i t s  showed th a t th e  
asymmetry parameter S^a was reduced 11# by summing th e  data  p r io r  to  
f i t t i n g .  This d ecrease  was due to  v a r ia t io n s  in  th e  prompt channel 
( t  = 0) o f  th e  tim e sp e c tra  accum ulated during th e  f i r s t  weeks o f  th e  
experim ent and s l ig h t  v a r ia t io n s  o f th e  p r e ce ss io n  frequency observed  
in  some o f  th e  run s. A c o rr e c tio n  fo r  t h i s  "washing out" o f  th e  asym­
metry w i l l  be a p p lied  in  th e  a n a ly s is  o f  th e  RMC tim e sp e c tr a .
The r e s u l t  fo r  i s  in  poor agreement w ith  p rev iou s  
11 12 31measurements, * * which ten d  t o  g iv e  t Ca 336 n se c . C onsequently,
the d iscrepan cy  was in v e s t ig a te d  c a r e fu l ly .
For a f ix e d  p r e ce ss io n  f i e l d  s tr e n g th , th e measured muon sp in  
p r e ce ss io n  frequency to can be used as a check o f  th e  TAC g a in . The 
measured f i e l d  s tr en g th  was 537-6 +_ 2 0 .0  gauss (th e  error r ep resen ts  th e  
u n cer ta in ty  in  th e  c a lib r a t io n  o f th e  H all probe) from which to was com­
puted t o  be (0.0U57 +. 0 *0017) ra d ia n s /n sec  and thus in  good agreement 
w ith  th e  measured v a lu e  o f  0 .0^69 r a d ia n s /n se c .
In another check we analyzed th e  p o s itr o n  tim e spectrum  a c -
H" 4*cumulated in  s e v e r a l runs o f  p in  calcium  from which th e  measured u
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l i f e t im e  was 2231.0  +_ 88 .0  n se c , in  agreement w ith  th e  most recen t  
32measurement o f about 2197.0  n s e c .
Our measurement o f g iv e s  fo r  th e capture r a te  o f  muonsL»3.
Ca _ ^-1 _ y^ Ca i 
Cap Ca “ Decay1bound in  calcium (A^a = t”1 -  A^a )
A^a = (22 .85  + 0 . 6 2 ) x  105 sec" 1 Cap  ^ —
This capture r a te  en tered  d ir e c t ly  in to  th e  determ ination  o f  th e branch­
in g  r a t io .  Use o f  th is  r e s u lt  fo r  th e capture r a te  adm its an over­
e stim a te  o f  the branching r a t io  by as much as 8.6)5 i f  one e le c t s  
in s te a d  to  use TCa = 336 n sec .
B. C a lib ra tio n  for  th e Photon Asymmetry Measurement
The magnitude o f  th e s in u so id a l o s c i l la t io n  observed in  
the tim e spectrum o f  th e  summed e le c tr o n  d ata  can be exp ressed  a s :
SCa = P°e  X C1 *11) ”1 (5 )
The fa c to r  o f  1 .1 1  i s  a n ecessary  c o rr e c tio n  in  v iew  o f  th e  red u ction  o f
th e  measured asymmetry parameter SCa by a fa c to r  o f  11$ r e s u lt in g  from
summing the d ata  p r ior  to  a n a ly s is .
33A recen t measurement o f  th e SREL muon beam p o la r iz a t io n
-  3Agave Pg = 0 .6 2 . From a th e o r e t ic a l  study which p r e d ic ts  't 1 /6
one would a n t ic ip a te  th a t P = 0 .6 2  x  1 /6  = 0 .1 0 .
35Johnson e t  a l . have shown th a t th e  average e le c tr o n  momentum-
A0muon sp in  asymmetry o f  a l l  decay e le c tr o n s  from muons bound to  Ca
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n u c le i  d i f f e r s  by  l e s s  than 1% from th e  v a lu e  o f  1 /3  for  th e  average
e le c tr o n  asymmetry o f  fr e e  muon d ecay . However, th e  sim p le p r e s c r ip -
—1t io n  S^a = 1 /3  P x ( l . l l ) "  i s  in v a l id  s in c e  the le a d  co n v erter , as w e l l
as th e  ta r g e t  and co u n ter s , have h ig h  e f f ic ie n c y  fo r  stop p in g  low
energy e le c tr o n s .  The e f f e c t  o f  th e  p resence o f  th e  lea d  con verter
was measured by running y ” in  ca lcium  w ith  th e con verter  removed.
From a  comparison o f th e  e le c tr o n  tim e sp e c tra  o f  0.30cm
,rc o n v e r te r - in M v ersu s  " co n v erter -o u t” r u n s , a red u c tio n  o f  y -e  even ts
per y - s to p  by 2 .0 2  +_0.0U  due t o  th e  p resence o f  th e  con v erter  was
ob served . This r e s u l t  was used as  a c o n s is te n c y  check o f  a Monte Carlo
c a lc u la t io n  o f  th e  d e te c t io n  e f f ic ie n c y  o f  the bound muon decay e l e c -
35tron  energy spectrum  (Appendix l ) . The Monte C arlo r e s u l t s  o f th e  
Nal e le c tr o n  energy spectrum  for  0.30cm  " con verter-in "  and " con verter-  
out" are d isp la y ed  in  F ig .  l8 a  and are compared t o  the exp erim en ta l 
0.30cm " con verter-in "  and " converter-ou t"  e le c tr o n  energy sp e c tr a ,  
shown in  F ig . 18b . The agreement betw een th e s im u la ted  and experim ental 
sp e c tr a  i s  good. The a b so lu te  d e te c t io n  e f f i c i e n c y  for th e  e le c tr o n  
energy spectrum  was computed to  be 0 .829  (" o u t" ), 0.1+85 (" in " ) , and
1 .7 1  fo r  th e ir  r a t i o .  I t  was determ ined from a " con verter-in "  run w ith  
th e Nal p ile -u p  r e j e c t io n  c ir c u i t  removed th a t  5$ o f  the e le c tr o n  
s c i n t i l l a n t  s ig n a tu re s  were due t o  e le c tr o n s  o f  in s u f f i c i e n t  energy t o  
produce a  tim in g  p u lse  in  the N a l. Examination o f  th e  s im u la ted  energy  
spectrum  then  im poses an e le c tr o n ic  th resh o ld  o f  th e  tim in g  d iscr im in a ­
to r  a t 3 MeV. From t h i s ,  the computed e f f i c i e n c i e s  were 0 .7 8 8  (" o u t" ),
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0.U1*1 {" in " ) ,  and 1 .8  for  t h e i r  r a t io .  A r a t io  o f  2 .0 ,  in  agreement
w ith  experim ent, i s  obtained  i f  one assumed a 6 .6  MeV e le c t r o n ic  th resh o ld
fo r  d e te c t in g  e le c tr o n s .
The V-A th eo ry  o f  f r e e  muon decay was used  to  determ ine th e
e le c tr o n  momentum-muon sp in  asymmetry dependence o f th e  hound decay
e lec tro n  energy  spectrum . By reco rd in g  th e  asymmetry o f  each even t in
th e  Monte C arlo program, i t  was p o s s ib le  to  determ ine th e  average
asymmetry o f  a l l  e le c tr o n  e v e n t s ,  as w e l l  as th e  average asymmetry 
MC o f  a l l  e le c tr o n  events above an a r b itr a r y  energy c u t - o f f .  We a ls o  
m easured, from Eq, (U ), v a lu e s  o f  fo r  the summed e le c tr o n  d a ta  as a 
fu n c tio n  o f  lower Nal channel c u t - o f f .
MGIn  a comparison o f  Sr  w ith  th e  e le c tr o n  asymmetry a  d e -u8i e
term ined by th e  Monte Carlo program, th r e e  reason ab le  c a l ib r a t io n s  were 
chosen and we used ex p ress io n  (5 ) to  c a lc u la te  P
S„ x  1 .1 1  Sn x 1 .1 1p _ ________ Ca___________________   Ca________
computed e le c tr o n  asymmetry MC
e
The c a lib r a t io n s  w e r e :
(a ) an assumed e le c tr o n ic  th resh o ld  o f 3 MeV, which gave
p = x  1 ,1 1  -  0 .1 1 0  + 0 .0 0 1
(b) an assumed e le c t r o n ic  th resh o ld  o f  6 .6  MeV, which gave
p = fo — 11 * x  = 0 .0 9 7  + 0 .0 0 1
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(c ) an average asymmetry o f  even ts a t  th e upper end o f  each  
spectrum over the l a s t  5 MeV energy in t e r v a l ,  which gave
P = (o.-.oa * = 0.096 ±  o .o ia  .
A ll  th ree c a lib r a t io n s  were combined to  g iv e
P = 0 .103  + 0 .009
in  agreement w ith  th e  a n t ic ip a te d  r e s u l t .
D isp layed  in  F ig . 1Tb and 17c are th e p r e ce ss io n  components 
SCa sin (a)t + cJ>q) ex tr a c te d  from th e  summed e lec tr o n  d a ta  for  a l l  e le c ­
tron  even ts and for  a l l  e le c tr o n  even ts throughout th e  la s t  5 MeV energy 
in te r v a l  o f  recorded e v e n ts , r e s p e c t iv e ly .
MCThe computed e le c tr o n  asymmetry ag versus low -energy c u t - o f f  
i s  shown in  F ig . 19a. The measured e le c tr o n  asymmetry (= ( l . l l )  x Sc&/P )  
versu s lower energy c u t - o f f  i s  d isp la y ed  in  F ig . 19b. Care must be  
e x er c ise d  in  making a d ir e c t  comparison o f  F ig s . 19a t o  19b s in c e  the  
ga in  o f  th e  energy s c a le  o f  th e  e le c tr o n  d ata  has n o t been determ ined.
C. RMC Photon Asymmetry
The time d is tr ib u t io n  o f th e  summed photon even ts (F ig . 20a)
was analyzed in  the same manner as ca rr ied  out for decay e le c t r o n s , The
v a r ia b le s  t„ . oj. and <f>„ were f ix e d  at th e  b e s t - f i t  va lu es  to  th e  summed Ca * * T0 ----------
e le c tr o n  d a ta  and th e  carbon term was om itted  from th e  fu n c tio n a l form 
o f  th e  tim e d is tr ib u t io n . N eg lec tin g  th e  co n tr ib u tio n  from carbon i s
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j u s t i f i e d  when f i t t i n g  th e  spectrum o f  RMC ev en ts  only s in c e  th e  r e la ­
t iv e  p r o b a b ility  o f  ob serv in g  a photon from capture on calcium  or
Ca Ccarbon in  t h is  experim ent i s  > ~ 6 0 . Omission o f  th e  carbon
term in  f i t t i n g  low er energy reg io n s o f  th e  d a ta  c o n ta in in g  decay e le c ­
tron  brem sstrahlung was done fo r  con ven ien ce, R eten tio n  o f  t h i s  term  
would n o t be exp ected  to  a l t e r  s ig n i f i c a n t ly  th e  f i t t e d  r e s u l t s  o f  th e  
decay e le c tr o n  brem sstrahlung asymmetry, fo r  w hich th e r e  i s  l i t t l e  
i n t e r e s t .
The tim e d is t r ib u t io n  o f  photon ev en ts  was th en  f i t  t o  
(from Eq.. ( ^ ) )
I ( t )  = Ay e x p ( - t /x Ca) ( l  + s infest + 4>0 ) )  + G^  ,
where A and S were th e o n ly  f i t t e d  v a r ia b le s  and S = Fa x ( l . l l ) - ^.
Y Y J Y Y
The parameter a^ , i s  the average asymmetry (w ith  r e sp e c t  t o  th e muon 
sp in ) o f  a l l  photons in clu d ed  in  th e  f i t .  I t  i s  th e  RMC photon asym­
metry when a l l  th e  f i t t e d  d a ta  l i e  about 6 3 .5  MeV, a  i s  th e  mean o f
Y
th e RMC asymmetry and th e brem sstrahlung asymmetry each a p p ro p r ia te ly  
w eighted  by th e r e la t iv e  number o f  RMC and brem sstrahlung events i n ­
cluded in  th e  f i t . For each ch o ice  o f  f i t t e d  photon e n e r g ie s , G  ^ was 
f ix e d  a t th e  observed background ( t  < 0) counts per ch an n el. An upper 
l im it  o f  82 MeV fo r  a ccep tin g  photon ev en ts  was chosen becau se  o f  a  
poor s ig n a l - t o - n o is e  r a t io  a t  h igh er  e n e r g ie s . The param eters A^ , and 
Sy, were th en  ob ta in ed  for  s e v e r a l  v a lu e s  o f  th e  lower N al channel c u t - o f f .
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R e su lts  fo r  th e  measured asymmetry are g iv en  in  Table 2 
and are graphed a long  w ith  th e  measured e le c tr o n  asymmetry in  F ig .  21 .
I t  i s  seen  th a t  th e  RMC photon asymmetry and th e  decay e le c tr o n  asym­
metry are o f  o p p o site  s ig n .  The measured asymmetry o f  th e  RMC even ts  
above 6 3 .5  MeV was
ay ( l  6 3 .5  MeV) a + 0 .9 0  + 0 . 5 0  .
A sy ste m a tic  error  o f  8% i s  a tta ch ed  t o  t h i s  r e s u l t  due t o  th e un­
c e r ta in ty  in  th e d eterm in a tio n  o f  th e  r e s id u a l muon p o la r iz a t io n .  We 
d is p la y  th e  p r e c e s s io n  component S s in (to t + <j>Q)e x tr a c te d  from th e  d a ta  
fo r  a l l  photon ev en ts  (F ig . 20b) and fo r  th e  RMC ev en ts  above 6 3 .5  MeV 
(F ig , 2 0 c ) .
I t  was d e s ir a b le  t o  check t o  what e x te n t th e  measured photon  
asymmetry i s  c o n s is te n t  w ith  a m ixture o f  RMC even ts o f  a p o s i t iv e  
asymmetry and e le c tr o n  brem sstrahlung ev en ts  below  6 3 .5  MeV o f  a nega­
t iv e  asymmetry. An approxim ation o f  th e  number o f  RMC even ts in  th e  
spectrum  below  6 3 .5  MeV was ob ta in ed  by e x tr a p o la t in g  t o  low er photon  
e n e r g ie s  a f i t  o f  th e  RT th eo r y 1  ^ t o  th e  RMC energy spectrum  above
6 3 .5  MeV, From a com parison w ith  th e  a c tu a l data  below  6 3 .5  MeV, th e  
r a t io  o f  RMC t o  e le c tr o n  brem sstrahlung ev en ts  in  th e  d a ta  above any 
low er c u t - o f f  was c a lc u la te d . The computed r a t io s  are g iven  in  Table 2 .
N ex t, e le c tr o n  brem sstrahlung energy sp e c tr a  were computed 
assum ing th a t th e  em itted  brem sstrahlung was accom panied by secondary  
e le c tr o n s  la c k in g  s u f f i c i e n t  energy t o  escap e  th e  ta r g e t  (o th e r w ise , 
th e  e le c tr o n  would t r ig g e r  counter 5 or 6 and v e to  th e  photon e v e n t ) .
3h
The r e s id u a l energy o f  th e secondary e le c tr o n  was s p e c if ie d  by a para­
meter Er e (MeV). With th e  assum ption th a t  th e  brem sstrslilung r e ta in s  
th e  e n t ir e  e le c tr o n  asymmetry, th e  computed brem sstrahlung energy  
spectrum was fo ld ed  in to  th e  r e s o lu t io n  m atrix  and a d eterm in ation  o f  
th e  lower energy c u t - o f f  dependence o f  th e  brem sstrahlung asymmetry was 
made. For Erg < 11 MeV, th e  computed average asymmetry o f  a l l  brems­
stra h lu n g  photon en erg ie s  v a r ied  between -0 .3 0 2  and -0 .3 2 7 , in  
reasonab le  agreement w ith  our measured va lu e o f  -0 .3 ^  +_ 0 .0 2  fo r  a l l  
photons o f  en erg ie s  <_ 82 MeV (Table 2 ) .  Then we w r ite  fo r  th e  measured 
photon asymmetry and accompanying error
NRMC
a -  ^MC X R^MC * ° W m X NBREM = °tRMC MBREM °LbrEM 
Y NRMC + NBREM , . WRMC1 + NBREM
and
K BREM= a x  — =— — —  = a  x
HMC Y RMC Y
wBREM
For a chosen low er energy c u t - o f f ,  and are th e  "extracted"
RMC asymmetry and s t a t i s t i c a l  e r r o r , i s  th e  computed e le c tr o n
brem sstrahlung asymmetry, and ^rmc^BREM i s  'the computed r a t io  o f  RMC 
even ts t o  brem sstrahlung ev en ts  above th e  c u t - o f f .
35
As a s p e c i f ic  exam ple, fo r  a c u t - o f f  o f  1+9 MeV, was
computed t o  l i e  in  th e  in t e r v a l  -0 .9 3 5  5, “breM — “^*951 for  th e  reason ­
a b le  range 1 MeV E <_ 11 MeV. We then  take = -0 .9^ 3  +
0.008 and u se  th e  v a lu e  o f  N„,,„/NTTn™, from Table 2 , t o  ob ta inRMC BREM ’
“RMC — °RMC = +0-T6 + 0.1+1
"Extracted" v a lu es  o f  th e  RMC asymmetry were c o n s is t e n t ly  
>. + 0 .5 0 , even fo r  c u t - o f f s  as low as 3T MeV. However, th e  computed 
errors on th e  "extracted" asymmetry are alm ost as la r g e  as th e  error  
on th e measured RMC asymmetry a t th e  63 .5  MeV c u t - o f f  and should be 
made even la r g er  s in c e  sy stem a tic  u n c e r ta in t ie s  a r is e  from incom plete  
knowledge o f  th e  brem sstrahlung spectrum . For t h is  reason  we p re fer  t o  
consid er  "extracted" v a lu es  o f  th e  RMC asymmetry as on ly  a co n s is ten cy
check and r e ta in  th e  measured RMC asymmetry for  th e  63 .5  MeV c u t - o f f  as
our f i n a l  r e s u l t .
To t e s t  th e  v a l id i t y  o f  th e  r e s u l t  obtained for  th e  RMC 
photon asymmetry, sp e c tra  o f  th e  fu n c t io n a l form l ( t )  f i t t e d  t o  the  
photon d ata  were generated  in  a s t a t i s t i c a l  manner such as to  sim u la te  
th e tim e d is tr ib u t io n  o f RMC even ts above 63.5 MeV c o n s is te n t  w ith  th e  
measured am plitude A  ^ (= 6.11+ +_ 0 . 2 )  and th e  background l e v e l  G^  (= 1 .08) ,  
(= 0.081+ 0.01+6) was taken to  be 0 .0 7 5  in  th e  s im u lated  d ata .
Approxim ately 100 sp ec tra  were generated  and f i t  by th e  le a s t -sq u a r e s  
program. The v a lu es  obtained  fo r  th e  f i t t e d  parameters A  ^ and S^ , were 
norm ally d is tr ib u te d  about th e ir  "known" va lu es w ith  s t a t i s t i c a l  errors  
o f th e same magnitude as observed in  th e  experim ental r e s u l t .
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We fu rth er  checked th a t th e  measurement o f  S fo r  th e RMC
data  peaked a t  th e  muon s p in  p r e ce ss io n  frequency w. To check t h i s ,
A^ . and were f i t  a t  f ix e d  va lu es  o f  a) over th e  range o f  0 . 0 1 < w < _ 0 . 1 0
r a d ia n s /s e c  in  increm ents o f  0 .0 0 1  r a d ia n s /n se c . The measured va lu e
2
o f  S was a maximum a t th e  muon sp in  p r e c e s s io n  freq u en cy . The x de­
crea sed  by U when w was f ix e d  w ith in  0 .0 0 3  r a d ia n s /n se c  o f  th e  known
2
freq u en cy . A second d ecrea se  in  x was observed a t  to = 0 .057  ra d ia n s /
n sec  b u t no p h y s ic a l s ig n if ic a n c e  was a ttach ed  to  t h is  r e s u l t  s in c e
Then th e  a n a ly s is  was rep ea ted  w ith  about 1200 h igh  energy e le c tr o n
2
ev en ts  a s im ila r  r e s u l t  b u t w ith  th ree  x minima was o b ta in ed . One 
2
minimum x occurred a t  th e  c o rr e c t frequency; th e  o th er  two a t f r e ­
q u en cies d i f f e r e n t  from 0 . 05 7  r a d ia n s /n se c .
D. E xpression  fo r  th e  Branching R atio
The t o t a l  number o f  e le c tr o n s  o r ig in a t in g  from muons which 
were bound to  calcium  n u c le i  and su b seq u en tly  decayed during th e  fo r e ­
ground tim e window was determ ined t o  be
= (51.1+9 + 0.2U) x  106 , (6)
by a num erical in te g r a t io n  o f  th e  ca lcium  component o f  th e  f i t  t o  the  
summed decay e le c tr o n  tim e sp e c tr a . can a ls o  be exp ressed  as
„ob.  N0a g  p (l> 2  >3)p(NaI)E:eW (T)
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In  Eq. (T)
CaN^  i s  th e t o t a l  number o f  muons th a t were bound t o  ca lciu m  n u c l e i .
As a f i r s t  approxim ation one might ta k e  t h is  t o  be th e  number
20
o f  muon sto p s  recorded b y  th e  s c a le r s ,  x 10
i s  th e f r a c t io n a l  s o l id  an g le  between th e  ta r g e t  and counter 8 ,  
determ ined from  a Monte C arlo c a lc u la t io n  to  be about 0.0U6.
P ( l , 2 , 3 )  i s  th e p r o b a b il ity  th at an e le c tr o n  ev en t was n o t a c c id e n ta lly
v e to ed  by a 1 , 2 , 3  a n t ic o in c id e n c e . An estim a te  o f  t h i s  i s
2 p  ^»7«no * A
obta ined  from th e  s c a le r  r a t io  1 1 I  o 1 (Table l ) .7 * C2•o
However, s in c e  t h is  p u lse  was 30 n sec  w id e , a fr a c t io n  
l - e x p ( -3 0 /3 6 5 ) ,  °r  8#, w ere n ot a c c id e n ta l v e to e s .  Thus, 
P ( l , 2 ,3) = 0 . 8 5 .
P(Ual) i s  th e p r o b a b il ity  th a t an e le c tr o n  ev en t was n ot v e to ed  by 
th e  Nal p i le - u p  r e je c t  c i r c u i t .  This was measured t o  be 
about 0.88 by removing th e  r e je c t io n  c i r c u i t  and n o tin g  th e  
in crea sed  e le c tr o n  event r a t e .
i s  th e  e f f i c i e n c y  o f th e  cou n ters 5 , 6 ,  7 ,  C2, and 8 fo r  r e ­
cord in g  e le c t r o n s .  By rem oving counters 5 , 6 , 7 ,  and C2 
in d iv id u a lly  from the e le c tr o n  s ig n a tu re  i t  was determ ined  
t o  be <_ O.9 5 3 * where th e  e q u a lity  h o ld s  i f  counter 8 i s  
assumed to  be 100# e f f i c i e n t .  U n fo r tu n a te ly , cou nter  8 could  
n ot be removed from th e s ig n a tu re  w ith o u t a f f e c t in g  th e  s o l id
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an g le  dfi/l+ir, so  th a t  i t  i s  con ven ien t to  d e f in e  th e  e f ­
f i c ie n c y  e o f  cou n ters T, C2, and 8 for  d e te c t in g  converted
photon p a ir s  and compute the r a t i o  e /e  . This was d e te r -
Y e
mined t o  "be 1 .0 1  + 0 . 0 1  w ith  no u n c e r ta in ty  due to  th e  e f ­
f i c ie n c y  o f  counter 8 . Because converted  photons in v o lv e  two 
charged p a r t i c l e s ,  and thus an enhanced d e te c t io n  p r o b a b il i ty ,  
th e  erro r  0 . 01  was computed a llo w in g  for th e  p o s s i b i l i t y  
th a t  e = 1 . 0 .
W i s  th e  p r o b a b ility  th a t  an e le c tr o n  d id  n o t stop  in  th e  mat­
t e r  com prising th e  t a r g e t ,  c o u n te r s , and 0.30cm  le a d  c o n v er ter . 
We measured th e  e le c tr o n  r a te  fo r  s e v e r a l th ic k n e sse s  o f  lea d  
con v erter  in  p o s i t io n  and observed th a t th e  recorded e le c tr o n  
r a te  in crea sed  l in e a r ly  w ith  d ecrea s in g  r a d ia t io n  le n g th s  
( th ic k n e s s )  o f  co n v e r ter . The r a d ia t io n  le n g th s  o f  th e  counters  
were computed and th en  summed w ith  a Monte Carlo c a lc u la t io n  
o f  th e  average r a d ia t io n s  le n g th s  tr a v e rsed  in  th e ta r g e t  by 
recorded  e v e n ts . A l in e a r  e x tr a p o la t io n  o f  th e  e le c tr o n  r a te  
to  "zero m atter" was made. From th e  r e s u l t  we obta ined  
W = O.Ul + 0 . 0 2 .  At th e  c o n c lu s io n  o f  ru n n in g , th e  con verter  
and counters 7 and C2 were p h y s ic a l ly  removed. The measured 
e le c tr o n  r a te  in  t h i s  geometry was c o n s is t e n t  w ith  th e  
e x tr a p o la t io n  p roced ure,
Y i s  th e  p r o b a b ility  th a t  an e le c tr o n  even t en te r s  th e  Nal 
w ith  s u f f i c i e n t  energy to  produce a tim in g  p u lse . We take
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t h i s  t o  "be th e  r a t io  ( e - s c i n t  s i g * N a l ) / ( e ~ s c i n t  s i g )  =
0 . 9^  + . 0 . 0 1  as determ ined from th e  s c a le r  r e a d in g s .
^ ^ '^ nseCe x p (- t /T _  )A^a d t = 0 .0 9 3 6  t= 1 3 7 .7 n sec  Ca D ecay
i s  th e  p r o b a b il ity  th a t  a muon bound t o  a ca lcium  n u cleus
decays w ith in  th e  foreground tim e window.
As a  ch eck , p u tt in g  n u m erical fa c to r s  in  Eq. ( 7 ) we ob ta in
N°b = 52.59 x  105 ( s e e  Eq. ( 6 ) ) .  e
A s im ila r  e x p ress io n  can be w r it te n  fo r  N ^ C i ) ,  th e  number o f  
b ackgroun d-sub tracted  RMC ev en ts  in  th e  i t h  energy channel o f  th e  photon  
energy  spectrum in  th e  foreground tim e window
s f  < i >  -  f  P ( l , 2 , 3 ) P ( H a l ) y r a ( i J ) B ( E j ) D ( E j ) f ^ . e c e 3 q ) ( . t / T B a ) A 0 a i | d t
( 8 )
The f i r s t  f iv e  term s in  t h i s  e x p r ess io n  have a lrea d y  been
d is c u s s e d . The s u b s t it u t io n  o f  A^a for  A^a has been  made so  th a tCap D ecay
th e  in t e g r a l  g iv e s  th e  p r o b a b il ity  th a t  a muon bound t o  a ca lcium  
n u cleu s i s  captured du rin g th e  foreground tim e window. F u rther terms 
a r e :
T i s  th e  r e s o lu t io n  m a tr ix . The j t h  column o f  T i s  th e  r e s o lu ­
t io n  fu n c tio n ,n o rm a lized  t o  u n it y ,  o f  a photon o f  i n i t i a l  
energy E^. The f i r s t  column o f  T i s  th e  r e s o lu t io n  o f  a
l+o
10 MeV photon, th e second column i s  th e  r e s o lu t io n  o f  an
11 MeV photon, and so fo r th . Thus, th e  index " j” and th e  
photon energy are r e la te d  as
Ej = ( j  + 9) MeV; j = 1 ,  2 ,  . . .
D(E ) i s  th e  d e te c t io n  p r o b a b ility  o f  a photon o f  energy E (F ig .  13) .  
J 0
B(Ej)  i s  th e  p r o b a b ility  th a t  a muon bound t o  a calcium  nucleus i s
captured by a proton and a photon o f  energy Ej t o  (E  ^ + l )  MeV
i s  em itted  in  th e  p r o c ess . Thus, B(E ) r ep resen ts  th e  d i f -
J
f e r e n t ia l  branching r a t io  o f  r a d ia t iv e  t o  normal muon capture
in  calcium  ev a lu a ted  a t E and in teg r a te d  over a 1 MeV in t e r v a l .
J
F i s  th e  p r o b a b ility  th a t  a photon event was not vetoed  by an 
a c c id e n ta l 5 ,6  p u ls e , and i s  <_ 1 . 0 .  U n fo rtu n a te ly , t h i s  fa c ­
to r  could not be r e l ia b ly  measured so  th a t we a ssig n ed  t o  i t  
a va lu e  o f  1 . 0 .  By examining th e  s c a le r  va lu e fo r  7*C2*8 
co in c id en ces  and th e  s c a le r  v a lu es  fo r  1 , 2 , 3 , 5 , 6  7*C2*8 and
1 , 2 , 3  5 ,6*7*C2*8 (no 2nd 5*6 c le a n in g ) , we determ ined th a t  a l l  
o f  th e 7*02*8 p u lse s  were apportioned t o  e ith e r  photon or e l e c ­
tro n  even ts so  th a t no la rg e  d e v ia tio n  o f  F from 1 .0  i s  a n t i ­
c ip a te d . Any d e v ia tio n  o f  F from 1 .0  w i l l  r e s u lt  in  an 
underestim ate o f  our f in a l  r e s u l t  fo r  th e  branching r a t io .
in
D iv id in g  Eq. ( 8 ) by Eq. ( 7 ) ,  c a n c e ll in g  common f a c t o r s ,  and
absorbing D{E ) in to  T by m atrix  m u lt ip l ic a t io n , we ob ta in  
J
A0a e
Nob ( i )  .  „ ( l t j ) B ( B i ,
T)ecay e ^
Upon in s e r t in g  num erical fa c to r s  in  t h i s  ex p ressio n  we ob ta in
N ^ d )  = ( 675 .0  + 38 .0 )  X 106 Z T ( i , j ) B ( E  ) (9 )
Y j  3
fo r  which th e  s o lu t io n  B( Ej ) i s  sou gh t.
E. Branching R atio  o f  RMC t o  MC
Equation (9 ) can be w r itte n  as
N°^( i )  = 2 T ( i , j ) B ( E  ) (10)
T j J
w ith  th e  con stan t fa c to r  absorbed in to  th e  m atrix  T. We now d isc u ss  
u sin g  Eq. (10) t o  ob ta in  th e  branching r a t io  spectrum B(E. ) .
u
N°k( i )  was computed by n orm alizing  th e  background tim e  
( t  < 0) photon energy d is tr ib u t io n  t o  th e  foreground tim e in t e r v a l  (a  
fa c to r  o f  1 .6 8 6 ) and su b tra c tin g  t o  o b ta in : '
o"b( i )  = foreground ( i )  -  1 .686  x  background ( i )
2The varian ce  a  was d efin ed  fo r  each d ata  channel as
2 2= foreground ( i )  + ( 1 .686)  x background ( i )
k2
For con ven ien ce, th e data  were summed by two channels and th e
erro rs  combined. An upper energy l im it  o f  89.5  MeV fo r  a ccep tin g  RMC
even ts fo r  a n a ly s is  was chosen s in c e  no d is c e r n ib le  s ig n a l was observed
a t h igh er e n e r g ie s . Channels 90 <_i  <_ 13^, b e fo r e  summing, correspond
t o ,t h e  RMC d ata  in  th e  energy in te r v a l  between 63 . 5  MeV and 8 9 .5  MeV.
N ^ f i )  and a f t e r  summing, are p resen ted  in  Table 3 .
An exam ination o f  th e  photon r e s o lu t io n  showed th a t  the RMC
d ata  above 63 .5  MeV depend only on B(E ) fo r  E above 53 MeV. Thus,
J J
th e  RMC data  cannot be used t o  determ ine th e  branching r a t io  spectrum  
below 53 MeV.
I t  has been customary in  p rev iou s e x p e r i m e n t ^ . 0
e x tr a p o la te  th e  f i t t e d  branching r a t io  a t  th e upper end o f  th e  photon
spectrum t o  low er photon en erg ie s  and p resen t th e  f in a l  r e s u lt s  fo r
th e  t o t a l  branching r a t io .  However, t h i s  makes a d ir e c t  comparison o f
th e  data to  d if f e r e n t  th e o r ie s  and o th er  experim en tal r e s u lt s  d i f f i c u l t .
As an a lte r n a t iv e  approach we chose t o  f in d  B(E.)  by two
J
"theory-independent” methods and p resen t f in a l  r e s u lt s  fo r  th e  branch­
in g  r a t io  spectrum  as determ ined d ir e c t ly  from th e  RMC data above 63 .5
MeV. B(E ) fo r  E >_ 53 MeV was f i t  t o  th e  d ata  but f in a l  r e s u lt s  are  
d J
p resen ted  on ly  fo r  B(E ) above 57 MeV because a component o f  th e  d ecay-
d
e le c tr o n  brem sstrahlung between 53 MeV and 56 MeV may e x i s t .
We p resen t here two "theory-independent" approaches. Both 
gave id e n t ic a l  r e s u lt s  for  th e  in te g r a te d  branching r a t io  above 57 MeV. 
A th ir d  approach, an attem pt to  in v e r t  T, f a i l e d  due to  th e  s im ila r i ty  
o f  i t s  adjacent colum ns.
1+3
Method 1 (U nfold ing)
A d is c u s s io n  o f  th e  a lgor ith m  used  i s  g iv en  in  Appendix 2 . 
The program sought a g en era l s o lu t io n  B t o  th e m atrix  equa-
J
' t io n
N°b = T x B 
Y
D uring s u c c e s s iv e  i t e r a t io n s ,  com putations were made to  determ ine
changes in  th e elem ents which minimize th e  d if fe r e n c e  in  number
betw een th e observed d a ta  N°b and th e  f i t t e d  spectrum  a t each channel
o f  th e  f i t t e d  d a ta . Because B(E ) was not r e s t r i c t e d  to  th e  form o f
J
an a n a ly t ic  e x p r e ss io n , th e  program cou ld  f i t  th e  e n t ir e  d a ta  spectrum .
With th e  ex cep tio n  o f  th e  f i r s t  few d ata  ch a n n els , a good f i t  w ith  a 
2
norm alized  x o f  1 .0  was made to  th e  d ata  below  90 MeV. The ’’unfolded"
s o lu t io n  fo r  B(E ) fo r  E above 50 MeV i s  shown in  F ig ,  22 . Note th e  
J  J
h igh  energy edge o f  th e  decay e le c tr o n  brem sstrahlung spectrum,
A sum o f  th e  branching r a t io  above 57 MeV r e s u lt s  in
£
B(> 57 MeV)= 2 1 .2 6  x 10
The f i t  t o  th e RMC d ata  in  th e  r eg io n  (as a lw ays) between 6 3 .5  MeV and 
o
8 9 .5  MeV gave x  = 22 .3 2  fo r  23 ch a n n els . No e rr o r  on B i s  computed in  
th e  u n fo ld in g  program.
Method 2 (Power S e r ie s )
B(E ) was expanded as an a r b itr a r y  power s e r ie s  param eterized  
J n .-*%
by th e  photon energy E . Terms o f  order E” to  E, were a llow ed  w ith
J  J  J
most p o s s ib le  com binations t e s t e d .
hh
S everal e q u a lly  good f i t s  were o b ta in ed  t o  th e  RMC data sp ec­
trum w ith  d if f e r e n t  fu n c tio n a l forms o f B (E .) .  The r e s u l t s  for  a tw o-
J
param eter b e s t - f i t  o f  th e  form
B(E ) = aE j2 + bE~3 , 
gave f o r  a sum o f  t h e  branching r a t io  above 57 MeV:
B(> 57 MeV) = (2 1 .1  + 0 . 6 )  x 10"6
p
and x  = 2 1 .Ul fo r  23 ch an n els .
We have ta k en  the tw o-param eter f i t  as our r e s u l t  fo r  th e  
branching r a t io  spectrum . I t  i s  p resen ted  in  Table H fo r  s e v e r a l  
values o f  th e photon energy and can be computed from
10^ * B(E ) = . 9. + 962 1+99.0 photons/capture-M eV
ej ej
B(E ) i s  p lo t te d  in  F ig . 23, w ith  a smooth curve con n ectin g  th e  in d i -  
J
v id u a l v a lu e s .
F . D eterm in ation  o f  Sp/ga
The th e o r y  o f  r a d ia t iv e  muon cap tu re  in  10Ca o f  Rood, Yano,
13and Yano (RYY) was used t o  ex p ress  B(E ) as a fu n c tio n  o f  th e
J
param eters k , v  , and a , a l l  other weak coup ling  co n sta n ts  b ein g
EQELX 8.V
13a ss ig n ed  th e ir  UFI v a lu e s . J The parameter i s  th e  maximum photon
energy averaged o v er  f in a l  s t a t e s ,  V , a s im ila r ly  averaged va lu e o fav
the n e u tr in o  energy in  normal muon cap tu re , and g^ i s  th e  p seu d osca lar
k5
cou p lin g  constant. The la t t e r  was w r it te n  in  terms o f  th e  parameter 
p and th e  four-momentum tr a n s fe r  q at th e  weak v e r te x  as
determ ined at o n ly  one p o in t each 5 MeV in te r v a l and th en  ex tra p o la ted  
l in e a r ly  between computed p o in t s .  The th e o r e t ic a l  photon momentum.- 
muon s p in  asymmetry armc(x ) was a lso  computed. We p r e se n t  in  F ig .  2ka. 
the computed photon asymmetry a ^ f x )  and in  F ig , 2Ub th e  computed d i f ­
f e r e n t ia l  branching r a t io  spectrum  N(x) fo r  sev era l v a lu e s  o f  p . We 
a lso  show in P ig . 2k& the computed average photon asymmetry th a t one
In the n o ta tio n  o f  RYY,
B (E .) = It{x; kmax
where
x  = E /ky  max
dx = l(M eV )/k  (MeV),ITlcxX
and
max
B(>57MeV)
A?Ta  (v  ,p )llorm  avE =5TMeV
C a lcu la tion  o f N (x) was qu ite tim e-con sumin g and thus was
U6
would observe exp erim en ta lly  ( i . e . , ta k in g  in to  account th e  photon
r e s o lu t io n )  fo r  each v a lu e  o f  p and in  F ig . 2Ub th e computed
in te g r a te d  branching r a t io  !}(>_ 57 MeV)for each va lu e  o f  p in  order to
show th e  s e n s i t i v i t y  o f  th e  p r e d ic ted  va lu es o f  th e se  q u a n t it ie s  to
th e  magnitude o f  p.
The parameters k ^ y , va v » P 'were c o rr e la te d  s tr o n g ly  and
th e  s t a t i s t i c s  o f  th e  d a ta  d id  n o t perm it a sim ultaneous f i t  to  them
13a l l .  However, a two-parameter f i t  t o  th e RYY th eory  was p o s s ib le ,
and thus v was e ith e r  f ix e d  or s e t  equal to  k / l . 02 ( in  accordance av max
w ith  Rood and Tolhoek1  ^ (R T )), and k and p then determ ined by amax
le a s t -sq u a r e s  f i t .
R e su lts  o f  th e  le a s t -sq u a r e s  a n a ly s is  are p resen ted  in  Table 5. 
From th e b e s t - f i t  o f th e  RYY th eo ry 13 to  th e  RMC d ata  above 63 .5  MeV 
we obtained
k = 86 .3  + 1 .8  (v = k / l . 02) max — av max
p =• 6 .7  + 1 .5
X ^ /f it t e d  channel = 2 6 .5 /2 3
13Some approxim ations made in  the t h e o r e t ic a l  treatm ent were v a lid  on ly  
a t  th e  h igh -en ergy  end o f  th e  photon spectrum (x  >_ 0 .5 )  &ud th us an 
e x tr a p o la tio n  o f  th e f i t t e d  spectrum t o  low photon en erg ies  in  order t o  
compute th e  t o t a l  branching r a t io  was not done. The va lu e fo r  p i s  in  
good agreement w ith  th e  Goldberger-Treiman^ p r e d ic t io n  = +7g&*
1*7
A two-param eter t e s t - f i t  o f  th e  RT_ th eo ry 1*"* t o  th e  RMC data  
above 6 3 .5  MeV gave
k = 88.1+ + 1 .8  (v  = k / 1 . 02)max — av max
p = 0 .6  + 2 .3  
/ f i t t e d  channel = 21+.8/23
V. DISCUSSION AND CONCLUSIONS
Our r e s u l t  fo r  th e  photon momentum-muon sp in  asymmetry
0 ,9 0  0 ,50  i s  in  agreement w ith  th e RYY v a lu e1  ^ o f  +0.75  and a s l i g h t l y
15h igh er  va lu e  g iven  by Borchi and deGennero, both computed fo r  
gp -  + Tga * The la rg e  erro r  o f  0 .50 does not perm it a p r e c is e  d e te r ­
m ination o f  g^ from th e  asymmetry r e s u l t .  However, our v a lu e  fo r  th e  
photon asymmetry i t s e l f  h e lp s  t o  c la r i f y  th e  d iscrepan cy th a t has
e x is t e d  betw een th e o r e t ic a l  p r e d ic t io n s ^  » ^ ,1 5  0f  a la r g e  p o s it iv e
I?photon asymmetry and th e  s o le  previous measurement which gave a
s l i g h t l y  n eg a tiv e  va lu e  fo r  th e  photon asymmetry.
The r e s u lt  fo r  th e  branching r a t io  i s  su b jec t t o  se v e r a l
co n s id e r a t io n s :  ( l )  a 5*6/2 (Eq. 9) sy stem a tic  u n c e r ta in ty , (2) a
p o s s ib le  overestim ate  o f  th e  branching r a t io  by as much as 8.6% in
view  o f  th e  d iscrepan cy o f  our measured muon l i f e t im e  in  calcium  w ith
11 12 31e a r l ie r  measurements * ’ , and ( 3 ) an underestim ate o f  th e  branching
r a t io  by an unknown amount s in c e  th e  a c c id e n ta l v e to  r a te  o f  th e  photon
ev en ts  by th e  5 ,6  a n tico in c id e n c e  i s  n o t known.
The "unfolded" branching r a t io  spectrum shown in  F ig .  22 ,
13along w ith  th e  b e s t - f i t  t o  th e  th eory  o f  RYY, con ta in s some in t e r ­
e s t in g  in form ation . The ev en ts  below 53 MeV are dominated by decay
e le c tr o n  brem sstrahlung. I t  i s  c o n s is te n t  w ith  th e  bound-muon decay
35e le c tr o n  energy spectrum t o  a t tr ib u te  th e  d if fe r e n c e  o f  th e  two
1*8
r e s u lt s  in  th e reg io n  between 53 and. 57 MeV t o  a h igh -en ergy  t a i l  o f  
e le c tr o n  brem sstrahlung. We assumed t h is  and then estim ated  th a t th ere  
were two brem sstrahlung even ts in  th e  data  above 63 .5  MeV (a  n e g l ig ib le  
q u a n tity  s in ce  th er e  are 120 even ts o f  6 3 .5  MeV).
The b e s t - f i t s  o f  th e  power s e r ie s  and th e  "unfolding" methods
O
o f th e  RMC data above 63 .5  MeV gave lower x  than th e  b e s t - f i t s  o f  th e
th e o r ie s  o f  RT'*'0 and RYY1^. We note  th e  concave appearance o f both th e
power s e r ie s  (F ig . 23) and "unfolded" b e s t - f i t  branching r a t io  sp e c tra .
The b e s t - f i t  o f  th e  RT th eory"**0 t o  our data gave k =" max
28 8 .1* + 1.81* MeV (x  = 2 h .8 ) ,  a va lu e c o n s is te n t  w ith  p rev iou s m easure- 
ment^‘L’ ^2 in  which th e  experim en tal r e s u lt s  were compared to  th e  RT"*-0
no
th eo ry . The b e s t - f i t  o f  RYY th eory  t o  th e  data  gave k = 8 6 .3  +^ “ max
2 21 .85  MeV (x  = 2 6 . 5 ) .  Both th e  poorer x and "the change in  k can p r e -max
sumably be a ttr ib u te d  to  th e  d iscrepan cy among th e  shapes o f  th e
t h e o r e t ic a l  sp ectra  o f  RYY^, RT1 0 , and th e  power s e r ie s  r e s u l t .  The
value o f  p (= 6 .7 ) o f  th e  RYY b e s t - f i t  t o  our data im parts a s l ig h t
convex shape t o  th e  branching r a t io  spectrum . The b e s t - f i t  o f  th e  RT"1"0
th eory  t o  our d a ta  w ith  p = + 0 .6  i s  more l in e a r .  Thus, th e  lower
13va lu e o f  kmax in  th e  RYY f i t  i s  probably a s e l f - c o n s i s t e n t  compensa­
t io n  in  th e  f i t t i n g  procedure in  order t o  m inim ize th e  e f f e c t s  o f  the  
poorer fu n c t io n a l form o f  th e  f i t t e d  branching r a t io  spectrum .
Since th e  eq u iv a len t o f  an "unfolded" spectrum has not been
11 12 35p resen ted  in  th e  r e s u lt s  o f  e a r l ie r  experim ents * * and s in c e  th e
2 13 10X o f  th e  RYY and RT b e s t - f i t  branching r a t io  sp e c tr a  are not too
50
p oor, th e r e  i s  not s u f f i c i e n t  ev id en ce  t o  q u estio n  th e "basic fu n c t io n a l
shape o f  th e  t h e o r e t ic a l  spectrum . A change in  t h is  shape would r e q u ir e
a s u b s ta n t ia l  m o d ific a tio n  o f  th e  b a s ic  th eo ry  o f  RYY.
The normal muon capture r a te  and th e  r a d ia t iv e  capture r a te
are computed in  th e  RYY th eo ry 13 n e g le c t in g  th e  nucleon v e lo c i t y  term s ,10
S ince th e  e f f e c t ‘d  o f  such terms i s  t o  in c r e a se  both th e  r a d ia tiv e  and
13th e  normal muon captu re r a te  by about +8 th e  branching r a t io  o f RYY
i s  not a f f e c te d  by th e  absence o f  th e s e  te r m s. I f  we assume th at a  +8%
13c o r r e c t io n  i s  t o  be a p p lied  to  th e  capture r a te  c a lc u la te d  in  th e RYY
Ca 5 -1  10th e o r y , we can then  o b ta in  A_ ~ 1+9.0 x 10 sec  from th e  RT b e s t0 8,p
f i t  and A^a * 3 9 .0  x 105 s e c -1  from th e  RYY13 b e s t - f i t .  The d i f -  Cap
feren ce  in  th e  two r e s u l t s  i s  due t o  th e  d if f e r e n t  f i t t e d  values o f  
vav and p (each c o n tr ib u tin g  about o n e -h a lf  th e  d i f f e r e n c e ) .  N e ith er  
o f  th e s e  r e s u lt s  i s  in  good agreement w ith  our measured capture r a te
A^a = ( 2 2 .8  + 0 . 6 ) x 10  ^ s e c ”1 Cap —
12D iL e lla  e t a l .  compared th e ir  experim en tal r e s u l t s  for  RMC
10in  ca lcium  t o  th e  th eo ry  o f  RT . They f i t  t h e ir  photon energy spectrum  
above 1+7 MeV t o  th e  p r e d ic te d  branching r a t i o  o f  RI1  ^ and then e x tra p ­
o la te d  t h e ir  b e s t - f i t  r e s u l t  t o  low er photon e n e r g ie s , which gave a  
t o t a l  branching r a t io  o f  ( l . l l+  + 0 .0 9 )  x 10_\  We assume th a t t h e ir  
r e s u l t s ,  as o u rs , depended s tr o n g ly  on th e  in teg r a te d  branching r a t i o
above 57 MeV, which we determ ined from t h e ir  b e s t - f i t  branching r a t io
spectrum t o  be 1 5 .I+ x 10*"^. A b e s t - f i t  o f  th e  RT1  ^ th e o r y  to  our d a ta  
gave (2 0 .0  + 0 .7 ) x  10”^ , a fa c to r  o f  1 .3  tim es  th e ir  r e s u l t .
51
11C onversi e t  a l . a ls o  compared t h e ir  exp erim en ta l r e s u l t s  
fo r  RMC in  ca lciu m  t o  th e  RT'1'0 th e o r y . They, t o o ,  ex tr a p o la te d  th e  
b e s t - f i t  o f  th e  RT'1'0 th eo ry  t o  t h e ir  d a ta  above 60 MeV to  low er  
photon e n e r g ie s . They found a t o t a l  branching r a t io  o f  (3 .1  +_ 0 .6 )  x  10"" ,^ 
rou gh ly  tw ice  th e  va lu e o f  ( 1 .5 1  +_ 0 . 0 8 ) x  10-  ^ determ ined by an ex ­
tr a p o la t io n  o f  th e  b e s t - f i t  o f  th e  RT'1'0 th eory  t o  our d a ta .
12I t  i s  o f  in t e r e s t  t o  assume, as has been proposed, th a t the
j .. «
r e s u l t  (3 .1  + 0 .6 )  x  10" o f  Conversi e t  a l . i s  to o  h igh  by a fa c to r  
o f  about 2 due t o  neutron contam ination  o f  t h e ir  d a ta . A s t r a ig h t ­
forward red u c tio n  by 2 o f  t h e ir  branching r a t io  r e s u l t  g iv es  
( 1 .5 5  + .0 , 3 ) x  10" \  in  agreement w ith  our r e s u l t  o f  ( 1 .5 1  + 0 . 0 8 ) x  10- \  
and in  m arginal agreement w ith  th e  r e s u l t  ( l . l U  + 0 . 0 9 ) x 10”  ^ o f  
d iL e i la  e t  a l . 12
We now make an in d ir e c t  com parison o f  our d a ta  t o  two o th er
Uoth e o r ie s  o f  RMC in  Ca.
15 . 21B orchi and deGennero used  th e  M igdal th eory  model o f  th e
n u cleu s in  t h e i r  com putation. They p r e d ic t  v a lu es  o f  A ^^
each  reduced by about k0% w ith  r e sp e c t  t o  th e  p r e d ic t io n s  o f  RT^° for
th e  same v a lu es  o f  th e  weak coup ling  c o n s ta n ts . C onsequently , th e
branching r a t io  p r e d ic te d  in  both th e o r ie s  i s  th e  sam e, a l l  e l s e  b e in g
lq
eq u a l. Thus a f i t  o f  th e  B orchi and deGennero th eo ry  to  our d ata  
would g ive a v a lu e  for  p (=g /g  ) s im ila r  t o  th a t  o f  th e  b e s t - f i t  o f  
th e  RT^° th eo ry  t o  our d a ta  but w ith  a r e s u lt  fo r  th e  muon captu re r a te  
about k0% low er than th e  r a te  p r e d ic ted  by th e  RT"1"0 f i t  to  our d a ta .
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Thus, a good f i t  to  our data  t o  th e  th eory  o f  Borchi and deGennero1'*
would he exp ected  t o  g iv e  “ + 0 . 6  g& and A^® = 0 ,6  x  1*9 x  10** s e c -1
5 —I2 9 .h x  10 se c  . The r e s u l t  g^ = 0 .6 g a i s  in  disagreem ent w ith  th e
kGoldberger-Treiman v a lu e  o f  g^ ~ +7g&. The computed captu re r a te  in
15th e B orchi and deGennero th eo ry  i s  in  b e t t e r  agreement w ith  our
measured capture r a te  o f  ( 2 2 .8  + 0 . 6 ) x 10** s e c -1  than th e  b e s t  f i t  
.10o f RT
^ j
The g ian t d ip o le  resonance (GDR) m odel o f  F earin g  i s  c la im ed
Cato  reduce by about h0% and th e  branching r a t io  by about 20$ com­
pared t o  th a t  o f  RT1^ . This r ed u c tio n  o f  20$ in  th e  branching r a t io
13i s  very n e a r ly  the red u c tio n  in  th e  RYY th eo ry  compared t o  th a t o f  
RT1^. T hus, a f i t  o f  our data t o  th e  GDR model o f  F earin g1 ** would be  
expected  t o  g iv e  th e  same r e s u lt  fo r  p as d id  th e  b e s t - f i t  t o
TO
the th eo ry  o f  RYY , i . e . . « 6 .7  g&. However, th e  r e s u l t  fo r  th e
TO
muon captu re r a te  would be about 27$ lower than  th e  RYY b e s t - f i t
Ca S 1r e s u l t ,  nam ely, Aj, -  0 .7 3  x 39*0 x  10 sec  = 28 .5  x  10 sec
This "deduced" value o f  th e  muon captu re r a t e ,  as i s  th a t  o f  Borchi 
15and deGennero , i s  in  b e t t e r  agreem ent w ith  our measured r a te  o f
C  *1
(2 2 .8  + 0 .6 )  x lO  se c  than th a t  p red ic ted  by th e  b e s t - f i t  to  
data o f  e i t h e r  th e RT1^ th eory  or th e  RYY1  ^ th e o r y .
our
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TABLE I. SCALER RATES FOR A TYPICAL RMC DATA 
COLLECTION RUN.
BEAM ___________________________BACKWARD E
TARGET 125x125x2-5CM3 T 0 THE BEAM 4°CA
CONVERTER I7-5CM x I7-5CM x 0-30 CM LEAD
PRECESSION 109 
MAGNEt 115- 21
TIME 61543 S
1*2 1 3 4 5 4  M
1’2'Ci II 61 7 M
I-2-Ci-3 4177 M
I-2C.-34 1969 M
CLEANED l-2’Ci-3’4 STOPS 1108 M
7C2-8 46184 K
( £ 3 ) - 7 C ? 8 35012 K
(123) ' (5,0) '7'CzB (NO 2nd S-6 REJECT) 
7  SC 1 N I S 1 G (2nd 5-6 REJECT)
684 K 
615 K
1123) • (5*6)*7C2'8 
esciNT SIG 32717 K
/  SCINT SIG + Nal 396 K
eSCINT SIG+Nal 28451 K
E T 37 K
E e 2743 K
TABLE 2. RESULTS OF FITTED PHOTON ASYMMETRY. Ay IS THE AMPU rUDE OF THE 
DECAYING EXPONENTIAL, Gy, THE BACKGROUND PER CHANNEL, CLy, THE ASYMMETRY. 
S/N DEMOTBTHE SIGNAL-TO- NOISE AND 'RMC/BREM' IS AN APPROX. RATIO OF RAD­
IATIVE CAPTURE EVENTS TO ELECTRON BREMSSTRAHLUNG EVENTS IN THE FITTED DATA,
ENERG7
INTERNAL
(MoNO
Ar  + c r A Gy S/N
RMC
BREM CLy i crr
10 -  0 2 2 8 9 5 4 2 5 6 5 - 3 • 0 2 4 - • 3 4 • 0 2
13 " 2 2 3 5
it 1 9 5 5 - 4 • 0 3 1 -■41 • 0 3
I S  " 1 8  6 3
it
1 5 7 5 - G • 0 3 6 —  4 4 • 0 3
1 9  " 15 41
ii
1 2 8 5 - 6 • 0 4 2 —  4 4 • 0 3
2 2  " 1 2 5 0 3 1 0 3 5 - 7 ■ 0 4 0 — 4 5 • 0 4
2 5  " 9 8 4 3 8 3 5 - 6 ■ 0 5 6 - 4 7 ■04
2 8  " 7 5 1 2 6 6 5 * 3 ■ 0 6 7 — 4 7 • 0 4
31  " 5 5 0
it
5 2 5  -0 • 0 8  4 — 4 4 ■05
3 4  " 3 8 3
■t
4 0 4  -5 •1 0  9 —  4 2 • 0 7
3 7  " 2 5 4 1 3 0 4 - 0 • 1 5 0 - 4 0 • 0 8
4 0  " IGI
ii
2  2 3 - 4 • 2 2 0 — 3 7 ■il
4  3  " 9 6
M
1 6 2 - 6 •351 - • 2 6 •14-
4 S  '' 5 2 •G 10 - 0 2 - 4 • 6 7 7 - 1 0 •19
4  9  " 3 4 • 5 7 - 2 2 - 2 1 - 1 5 4 — 0 3 • 2 2
5 1  " 2 3 - G • 4 5 - 0 2 - 3 2 - 0 0 4 - 2 2 • 2 7
5 3 - 5  " 1 7 -1 • 4 3 - 5 2 - 3 3 - 5 3 • 3 8 • 3 2
5 5 - 5  " 1 3 - 2 • 3 2 - 4 2  - 6 5 - 7 2 •41 • 3 4
5  8  -5 " 1 0 - 3 • 3 I - 8 2  - 7 9 - 0 6 * 4 4 • 3 9
6  0 - 5  " 7 - 9 • 2 1 - 4 2  - 6 1 7 - 5 5 •7 6 • 4 5
6 3  ‘5 " 6 -1
11
1 - 0 8 2  - 6 • 9 0 • 5 0
6 5  - S " 4 - 6
II
0 - 9 2 2  - 3 • 4 6 • 6 0
6 8  >0 3 - 5
II
0 - 8 0 2  - 0 •7 1 • 7 0
6 3 - 5 - 7 0 - 0 3 - 6 4 0 - 2 0 - 4 3 4 - 2 1-5 •61
"  7 3 - 0 4 - 5
II
0 - 5 8 3 -  7 1-3 .5 8
“ 7 5 - 0 5 - 1 tl 0 - 7 3 3- 3 ■89 • 5 6
" 7 9 - 5 5 - 9 II 0 - 9 6 2 - 9 • 8 2 • 5 2
" 8  4 - 5 6 - 3 l( 1 - 2  1 2 -  4 1 - 0 •5 0
" 0 9 - 5 6 - 5
It
1 - 3 8 2 - 2 1 - 1 4
It
"  9  4 - 0
11 11 1 - 5  1 2 - 0 1 - 2 5
II
"  9 9 - 0
II II
1 - 6 9 1 - 8 1 - 2 6
11
FINAL
RESULTS
TABLE 3
EXPERIMENTAL PHOTON ENERGY' SPECTRUM 
SUMMED BY TWO CHANNELS
C H A N N E LS
w e G e B t s c r 2
1 2 6 6 4 4 2 1 0 2 0 9 5 6 2 3 2 5 5 8 3 G 53 5 0
3 4 5 3 9 3 0 9 3 0 6 4 4 6 2 4 16 6 9 6 1 8 13
5 6 3 8 9 3 2 6 9 9 3 3 1 9 3 9 14 5 0 7  2 0 86
7 8 3 2 6 0 4 5 9 3 9 2 6 6 6 4 7 9 4 2 6 1 6 5 7
9 10 3 0 0 1 9 5 2 9 2 2 4 7 2 7 15 3 8 9 4 0 22
II 12 2 8 5 3 3 4 7 0 9 2 3 8 2 4 4 5 3 6 4 7 0 8 7
13 14 2 6 8 6 G 4 3 1 7 2 2 5 4 8 5 6 3 4  1 44 51
15 16 2 5 8 8 9 4 0 1 6 2 1 8 7 3 3 2 3 2 6 5 8 7 0
17 18 2 4 9 3 9 3 8 0 5 21 134 0 5 31  3 5 3 52
19 20 2 3 7 1 2 3 4 9 8 2 0 2 1 3 88 2 9 6 0 9 2 7
21 22 2 2 5 5 6 3 2 1 8 1 9 3 3 7 7 3 2 7 9 8 1 4 9
2 3 2 4 2 1 9 6 9 3 0  3 8 1 8 9 5 1 1 1 2 7 1  10 3 9
2 5 26 2 0 6 7 8 2 9 0 5 1 7 7 7 3 3 0 2  55  7 4 0 6
2 7 28 1 9 5 1 0 2 6 6 2 1 6 8 5 6 0 5 2 4 0 0 5 61
2 9 3 0 1 86 7 1 2 5 2 4 1 G 147 2 9 2 2 9 2 5 5 S
31 32 1 7 5 6 7 2 3 2 0 1 5 2 4 7 20 2 1 4 7 7 6 7
3 3 3 4 1 6 1 0 1 21 5 6 1 4 0 3 4 8 1 1 9 0 2 5 S 3
35 36 1 5 1 7 7 2020 13  1 5 7 3 6 1 8 5 3  1 7 9
3 7 38 1 3 9 8 ? 1 8 9 0 1 2 0 9 7 17 1 7 1 7 2 S 5
3 9 4 0 I 2 e 9 0 1 6 4 7 1 1 2 4 2 9 3 1 5 6 6 6 6 9
41 4 2 1 1 6 71 1 5 6 4 1 0 1 0 6 54 1 4 3 0 8 4 3
4 3 4 4 1 0 4 0 7 1 4 6 7 8 9 4 0 3 2 1 2 8 7 9 5 9
4 5 4 6 9 2 2 4 1 2 6 8 7 9 3 6 02 1 1 3 9 5 3 3
47 4 8 8 0 6 7 1 2 7 3 6 7 9 4 1 9 1 0 2 1 2 7 5
4 9 50 7  121 1 1 8 0 5 9 4 0 91 91 10 4 4
51 52 6 1 8 9 1 0 2 7 5 1 6 2 3 2 7 9 1 9 8 1
5 3 54 5 3 6  3 9 2 7 4 4 3 5 7 9 6 9 2 6 1 3
55 55 4 5 2 8 7 7 7 3 7 5 0 8 3 5 8 3 8 19
57 58 3 7 1 3 7  5 7 2 9  56 0 6 4 9 8 9 0 8
09 60 3 1 4 9 6 9 3 2 4 5 6 12 4 3 1 7 0 8
61 62 2 6 1 7 551 2 0 6 5 7 5 3 5 4 6 3 5
63 64 2 0 4 6 5 7 3 1 4 7 2 81 3 0 1 2 3 0
65 65 164  1 4 3 0 12 1 1 1 1 2 3 6 5 7 2
67 63 1 3 4 5 4 3 8 9 0 6 68 2 0 8 3 9 4
69 70 1 1 I 1 3 3 2 7 7 8 8 9 1 6 7 0 8 9
71 72 8 1 3 2 9 0 5 2 3 0 4 1301 8 3
7 3 74 7 0 9 2 6 6 4 4 0 9 5 1 1 6 0 8 9
75 76 5 3 7 201 3 3 6 3 8 8 7 5 20
7 7 78 4 4 1 1 52 2 8 9 2 7 6 9 6 7 9
7 9 6 0 3 8 2 1 06 2 7 5 7 9 5 61 0 5
8 ! 82 3 2 4 1 08 2 1 6 1 1 5 0 5 8 9
8 3 8 4 2 7 7 7 2 2 0 4 51 3 9 9 2 1
85 86 2 4 5 6 2 182 6 2 3 5 0 16
8 7 88 202 5 7 1 4 4 6 0 2 9 8 6 3
8 9 S O 182 2 9 1 5 3 3 4 2 3 0 31
91 92 174 3 7 136 91 2 3 6 5 3
9 3 9 4 1 3 9 2 9 1 1 0 3 4 187 3 !
95 95 I 19 2 4 9 5 4 0 1 58 7 9
97 9 8 122 19 1 03 4 6 1 5 3 2 6
9 9 t o o 1 1 2 22 9 0 0 8 148 9 5
CHARNELS FOREGROUNDEVENTS
BACK­GROUNDEVENTS
F-BEVENTS c r 2
101 102 94 24 70 40 133 79
103 104 93 27 66 03 138 47
105 106 85 32 52 97 1 39 00
107 108 85 27 58 03 130 47
109 n o 74 27 47 03 I 19 47
I I I 112 73 22 51 08 109 95
113 114 49 25 23 71 91 63
1 15 1 16 74 30 43 65 125 16
117 1 IQ 42 13 28 51 64 74
119 120 38 30 7 65 09 16
121 122 45 15 29 83 70 50
123 124 35 20 14 77 69 10
125 126 31 27 4 03 76 47
127 128 19 13 5 51 41 74
129 BO 35 12 23 20 54 09
131 132 25 12 13 20 44 69
133 134 24 29 -4 66 72 3 1
135 136 16 15 0 63 41 58
137 138 1 I 10 0 83 28 05
139 MO 15 15 -0 17 40 58
141 112 12 20 -8 23 46 10
143 144 20 10 9 ee 37 05
145 146 20 13 6 51 42 74
147 V J 1 1 17 -5 06 39 42
143 150 17 15 1 83 42 58
151 152 Q 10 -2 12 25 05
153 154 1 1 15 -4 17 36 58
155 156 12 17 - 4- 06 40 42
157 15 B 12 0 3 57 26 21
159 ISO 14 12 2 20 33 09
131 182 Q 15 -7 17 33 58
163 13 4 1 1 5 5 94 19 53
165 1GG 9 13 -4 49 31 74
167 168 10 10 -0 12 27 05
169 170 1 1 10 0 OG 28 05
171 172 o*«r 7 2 26 20 37
173 174 7 13 -6 49 29 74
175 176 10 3 G 63 1 5 60
177 178 14 12 2 20 33 89
179 100 5 10 - 5 12 22 05
181 182 8 15 -7 17 33 50
183 184 6 3 2 r.3 1 1 68
IQ5 186 3 8 -5 43 17 2 1
187 160 5 0 -3 43 19 21
189 ISO 7 8 -1 43 21 21
191 192 7 8 -1 43 21 2 1
193 194 4 12 -7 eo 23 89
195 I9G 4 13 -9 49 26 74
197 193 10 7 3 26 21 37
199 200 7 3 3 63 12 68
'FOREGROUND1 13 SUM CF EVENTS IM TIME CHANELS 5 6 0  TO 160
iBACKGROUMtf.......................   “ ............................ TOO TO B?.S,
NORMALIZED TO  FOREGROUND TIM E AND, FOR CONVENIENCE, 
TRUNCATED TO NEAF.E.3T INTEGER  
O'2 *  VARIANCE, CT*  ERROR
TABLE 4! RESULTS FOR THE BRANCHING RATIO B O r RADIATIVE TO 
NORMAL MUON CAPTURE IN CAJ.aUM.FROM A BEST FIT ASSUMING 
A POWER SERIES EXPANSION FOR B. ERRORS ARE TAKEN FROM 
THE FITTED SPECTRUM B EVALUATED AT THE MAXIMUM PARAMEfER 
VARIATION NECESSARY TO INCREASE THE CHI-SQUARES BY 10 
COMBINED WITH A 6% SYSTEMATIC ERROR
FROM THE EEST RT:
io e-E(E|) = - l o s s e s  +  bszzsz
J Ej  2 E j d
El t PHCfTON I06- B(Ej) in PHOTONS ERROR 
ENERGY (MeV) PER CAFTURE-  MeV
57 I -9166 0-16
50 1 -7645
59 1 -6244
60 1 -4952 0- 12
61 1 -3759
62 1 -2657
63 t -1637
64 1 -0694
65 •9820 0-07
66 •9009
67 •8257
60 •7560
69 ■691 [
70 •6308 0-04
71 •5748
72 •522G
73 •4740
74 •4288
76 •3866 0-03
76 •3472
77 •3105
70 •2763
79 •2443
80 •2144 0-02
81 •1865
82 •1605
83 •1361
8 4 •1 133
85 •0920 O'02
86 •0721
87 •0534
88 ■0360
89 •0187
90 •0044 O'OI
91 - 0 0 0 9 9
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APPENDIX 1 
MONTE CARLO PROGRAM
The Monte Carlo program was a computer s im u la tio n  o f  th e  
in te r a c t io n s  o f  photons and e le c tr o n s  w ith  components o f  th e  e x p e r i­
mental geometry a s  th ey  proceeded from t h e ir  produ ction  in  th e  ta r g e t  
in to  th e  Nal d e te c to r  (F ig . 3 ) .
D e sc r ip tio n  o f th e  program
A photon or e le c tr o n  event was a ssig n ed  a random s i t e  in  
the ta r g e t  and a random o u tg o in g  d ir e c t io n .  The even t was d iscard ed  
i f  i t  w ould not p a ss  through counter 8 . O therw ise, th e  path len g th s  of 
the ev en t through th e  t a r g e t ,  cou n ters , co n v erter , and Nal were com­
puted and exp ressed  in  r a d ia t io n  len g th s  o f  Ca, C, Na, I ,  and Fb.
S c in t i l la n t s  were tak en  to  h e  composed o f  carhon o n ly . The even t was 
passed through each  elem ent in  turn in  s te p s  o f  a f r a c t io n  o f  a ra d ia ­
t io n  le n g th . The s te p  s iz e  was 1/50 o f  a r a d ia tio n  le n g th  fo r  a l l  
e lem en ts , except th e  N al, w hich was subd iv ided  in t o  a lte r n a t in g  e l e ­
ments o f  Na and I  each 1 /10  o f  a r a d ia t io n  le n g th .
At each s t e p ,  a l l  shower components were t e s t e d  fo r  in t e r ­
a c tio n  b y  brem sstrah lung, p a ir  p rod u ction , or Compton s c a t t e r in g  as 
a p p lic a b le  to  th e  ty p e  o f shower component. I f  th e  t e s t  was p o s i t iv e ,  
the d i f f e r e n t i a l  p r o b a b il ity  spectrum ( i . e . ,  the p r o b a b il ity  th a t  a
59
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p a r t ic le  o f  energy E in te r a c ts  t o  produce a secondary p a r t ic le  o f  energy  
in  th e  range E1 to  E1 + dE1) was computed and th e  secondary p a r t ic le  
energy (th e  photon energy fo r  brem sstrahlung, th e  e “ energy fo r  p a ir  
p rod u ctio n , th e  e” energy fo r  Compton s c a t te r in g )  chosen in  a s t a t i s ­
t i c a l  fa sh io n . P a r t ic le s  c rea ted  (d estroyed ) by in te r a c t io n s  were 
then added (su b tra cted ) to  th e  shower. Charged p a r t ic le s  a ls o  su ffe r e d  
energy lo s s  by io n iz a t io n  at each s te p .
Photon ev en ts  were d iscard ed  i f  no charged p a r t ic le  was 
p resen t in  the shower p a ss in g  through each o f  counters 7 s C2, and 8 
or i f  a charged p a r t ic le  was p resen t in  th e  shower p assin g  through  
e ith e r  o f  counters 5 and 6 . Showers in i t ia t e d  by e le c tr o n  even ts were 
req u ired  to  contain  a t  le a s t  one charged p a r t ic le  w h ile  p a ss in g  through  
each o f  counters 5 , 6 , 7 , C2, and 8 . Thus, photon and e le c tr o n  even ts  
were req u ired  to  produce t h e ir  r e sp e c t iv e  s c i n t i l l a n t  s ig n a tu res  (F ig . 3 ) .
The k in e t ic  energy o f  th e shower was computed p r io r  t o  i t s  
e n te r in g  th e  Nal and again  a f t e r  i t  had tra v ersed  th e  N al. The d i f ­
feren ce  in  en erg ies  was taken t o  be th e  amount d ep o s ited  in  th e  d e te c to r .  
The g a in  o f  th e  Nal energy s c a le  in  th e  Monte C arlo program was s e t  a t
0 .5 1 1  MeV/channel. By co in c id en ce , t h is  was th e  ga in  o f  th e  e x p e r i­
m ental Nal energy s c a le  as determ ined fo r  photon e v e n ts . Comparison o f  
the Monte Carlo r e s u lt s  fo r  e le c tr o n  energy sp e c tra  w ith  exp erim en ta l 
e le c tr o n  sp e c tra  should  be done w ith  cau tion  s in c e  th e c a lib r a t io n  was 
for  photons on ly .
6i
Some approxim ations were made in  th e  program. Angular s c a t ­
t e r in g  fo llo w in g  an in te r a c t io n  o f  a shower component and r e s o lu t io n  
■broadening due t o  th e  Nal e le c tr o n ic  resp on se  were n e g le c te d . N eg lec t  
o f  th e s e  e f f e c t s  probably accounts fo r  th e  b e t t e r  r e s o lu t io n  o f  th e  
s im u la ted  d ata  co n tr a sted  w ith  th e  experim en ta l d a ta .
The computed photon d e te c t io n  e f f i c i e n c y  D(E ) v ersu s primary
tJ
photon energy i s  shown in  F ig .  1 3 . D(E ) was computed as th e  p rob ab i-
J
l i t y  th a t  a photon o f  energy E^  em erging from th e  ta r g e t  in  a d ir e c t io n  
such as t o  pass through counter 8 , produced a 5^6*7'G2*8 co in c id en ce  
and d e p o s ite d  a t  l e a s t  0 .5 1 1  MeV o f  energy in  th e  Nal d e te c to r . The 
com putation o f  was c a r r ie d  out fo r  0.30cm  o f  le a d  con verter  in
th e  s im u la ted  geom etry. The f i n i t e  Nal e le c t r o n ic  th re sh o ld  ( < 6 . 6  MeV) 
rep resen ted  a n e g l ig ib le  c o r r e c t io n  to  th e  r e s u l t s  fo r  th e  photon  
d e te c t io n  e f f i c i e n c y  o f  photons o f  e n e rg ie s  above 57 MeV.
APPENDIX 2
A METHOD OF OBTAINING A SOLUTION TO A = B x  C 
D e f in i t io n s :
A, a v e c to r  o f  le n g th  N
B, an N x N m atrix
C, a v e c to r  o f  le n g th  N
In the c o n tex t o f  t h i s  work, A  ^ rep re sen ts  th e  number o f  
photons observed in  th e  i t h  energy ch a n n el, B i s  p ro p o r tio n a l to  th e  
m atrix  o f  photon r e s o lu t io n  fu n c t io n s , and C i s  th e  tr u e  photon energy  
spectrum  whose s o lu t io n  i s  d e s ir e d .
The a lgor ith m  b eg in s  by making a t r i a l  gu ess fo r  th e  s o lu t io n  
o f  v e c to r  C, which i s  denoted as C .
STEF 1 Form th e  t r i a l  f i t
A.1 = Z B .  ,C, 
i  , J
J
STEP 2 C a lcu la te  and s to r e  th e  v e c to r  A
A. = A. -  A.1i l l
We d e fin e  AC t o  be th e  v e c to r  added to  C  t o  g iv e  a b e t t e r  
s o lu t io n .  AC i s  req u ired  to  s a t i s f y
62
6 3
Z AC B. , = A. ( l )
j j i
and s im u lta n eo u sly
AC a  2 B A = K Z B A (2 )
J £ * £ ju *■
Equation ( l )  imposes th e  co n d it io n  th a t th e  v e c to r  AC, when
added to  th e  p resen t s o lu t io n  v e c to r  C ', norm alizes th e  area  o f  th e  f i t
spectrum  A' t o  th e a r ea  o f  th e  spectrum  A and Eq.. (2 ) s t a t e s  th a t  th e
r e la t iv e  ’’goodness" o f  th e  magnitude o f  AC. i s  p ro p o r tio n a l t o  th e
J
number o f  ev en ts  which AC can put in t o  each channel (B. .)  m u lt ip lie d
J  1  9 J
by th e  q u a n tity  needed in  each channel (A^).
We combine Eq. ( l )  and Eq. (2 ) t o  o b ta in
Sum t h is  over i
Z Z B. . K Z A. B. , =  Z A. 
i  a i . J  ,, *• i  i
and s o lv e  t h i s  for  K
Z A.
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From Eq. (2 )  and Eq. (3 )  one ob ta in s
I  4i \ i  ? Ai
ACJ  ~  Z Z  E  Z A B t  W
i  j  a
In  th e denom inator, the q u a n tity
D = Z B .  ,
J ±
i s  a co n sta n t v e c to r . I t  should be c a lc u la te d  once and s to r e d  fo r  
la t e r  u s e .  i s  p r o p o r tio n a l to  th e  d e te c t io n  e f f ic ie n c y  D(Ej )  o f  
a photon o f  primary en erg y  E^  (F ig . 1 3 ) .
Equation (U) can be w r itte n
I ^  I
Acf = F i ~u " i —  (5)J j J » * \ d
AC. i s  to  be formed for a l l  j .  Then AC i s  added t o  C' to  
J
form a b e t t e r  s o lu t io n :
c ; -► c j + Ac.
j  J J
T his com pletes th e  f i r s t  h a l f  o f  one i t e r a t io n .  B ecause th e
areas under th e  curves o f  A and A* are  now th e sam e, an attem pt t o
rep eat th e  s tep s  up t o  t h i s  point w i l l  r e s u lt  in  AC = 0 s in c e  £(A . -  A !)=  0
i  1 1
and th e  numerator o f  Eq.. (3 ) w i l l  v a n is h . Thus, th e  i t e r a t io n  i s  re ­
peated  w ith  th e  rep lacem ent
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Z  A. 2 [A. Ii  . 1 l 1i  i
in  th e  numerator o f  Eq.. ( 5 ) .
STEP 3 C a lcu la te  AC as
J
AC. =
J bm  J ^
J * dj “ a b * , j
and aga in
c ! c ; + Ac.
j  j  J
This com pletes one i t e r a t io n .  Begin next w ith  STEP 1 .
D isc u ss io n
A. The tech n iq u e  was t e s t e d  by c o n s tr u c tin g  a spectrum  A 
from B x  C where C was s p e c if ie d  by an a n a ly t ic  fu n c t io n , i . e . ,
Cj = *0  + bl  x  ^ + *2 x + • • •
and B was th e ex p erim en ta l photon r e s o lu t io n  m a trix .
The s o lu t io n  C  converged r a p id ly  t o  C d e s p ite  a poor i n i t i a l  
guess (C ' = 0 ) .
B. We th e n  took as A th e  exp erim en ta l 7T~(LiH -  Li) d a ta . The 
"known" s o lu t io n  i s  a  peak, a t 129.1* MeV and a f l a t  d is t r ib u t io n  o f  
e n e r g ie s  from 55 MeV t o  83 MeV. A gain, th e  t r i a l  guess was C' -  0 .
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A fter  a co n sid era b le  number o f  i t e r a t io n s ,  a peak and a p la te a u  d id  
appear in  th e  s o lu t io n  C' . However, th e  so lu t io n  o s c i l la t e d  in  th e  
reg io n  betw een the peak and th e  p la te a u  in  a  c h a r a c te r is t ic  G ib b s' 
phenomenon fa sh io n .
A m athem atical p ro o f o f  th e  convergence o f  th e  a lg o r ith m , 
i f  one e x i s t s ,  has n o t been attem p ted . However, we can examine two 
c la s s e s  o f  problem s. F i r s t ,  A = B x  C i s  e x a c t , as in  s e c t io n  A above, 
and secon d , A = B x C i s  not e x a c t ,  as in  s e c t io n  B. In the f i r s t  
in s ta n c e , th e  q u a n t it ie s  and jA^| v a n ish  as th e  so lu tio n  C' con­
verges t o  th e  tru e  s o lu t io n  C. In  th e  second in s ta n c e  [ | , and thus
th e  s o lu t io n ,  w i l l  n o t converge. S in ce  t h i s  c o n d it io n  occurs when A^
rep resen ts  s t a t i s t i c a l  d a ta , one should seek  a s o lu t io n  such t h a t
(A. -  A!) -  ± a . ,  where a  i s  a measure o f  th e  s t a t i s t i c a l  varian ce  o f  the 
'  1  i '  l
d a ta . I t  fo llo w s  th a t  th e q u a n tity  |A_. -  A j| in  STEP 3 should  b e  re ­
p laced  w ith  |At  -  A || -  0 _^ . I f  t h i s  i s  done, a s t a t i s t i c a l l y  good f i t  
w i l l  g iv e
Z(A. -  A*)* E{A. -  (A. + 0 .) } =  Z ± 0 .  -  0
i  i  i
and
z { |a .  -  A’ I -  0J *  z { |a .  - ( a .  ± 0.)| -  0 j =  z { \ ± o ± \ -  0} +  0 , 
i  i  i  i
and th e s o lu t io n  w i l l  converge.
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FIGURE CAPTIONS
F ig . 1
F ig . 2 
F ig . 3
F ig . U 
F ig . 5
F ig . 6
F ig . 7
F ig . 8
Feynman diagrams o f  r a d ia t iv e  union capture in c lu d ed  in  th e  
t h e o r e t ic a l  stud y  o f  Rood, Yano, and Yano (R ef. 1 3 ) .  Primed 
symbols in d ic a te  an in term ed ia te  s t a t e .
Experim ental meson channel f a c i l i t y  o f  th e  Space R adiation  
E ffe c ts  L aboratory.
Side v iew  o f  th e  experim en tal s e t -u p . The counter dim ensions 
and e le c t r o n ic  s ig n a tu res  o f  a muon s to p  in  th e  t a r g e t ,  a 
photon ev en t and an e le c tr o n  e v e n t, are a ls o  shown.
Beam m onitor l o g i c .  C ir cu it  output i s  a good muon s to p  p u lse .  
Event d e te c t io n  lo g i c .  C ir c u it  outputs are th e  photon and 
e le c tr o n  s c i n t i l l a n t  s ig n a tu re s  a f t e r  p a ss in g  through th e  
"second 5 •6" p r o te c t io n  lo g i c .
'Event p r o c e ss in g  lo g ic .  C ir c u it  outputs are th e  d ig i t iz e d  
time and energy m easurem ents, which were then recorded on 
m agnetic t a p e .
Observed energy d is t r ib u t io n  o f  th e  photon data accum ulated  
fo llo w in g  th e  muon stop  (foreground) and p r io r  t o  th e  muon 
stop  (background).
Observed energy d is t r ib u t io n  above 53 .5  MeV o f  th e  photon data  
accum ulated fo llo w in g  th e  muon stop  (foreground) and p r io r  to  
th e muon s to p  (background). The h igh  energy edge o f  th e  decay-
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e le c tr o n  e x te r n a l brem sstrah lung  can be see n  in  the back­
ground d is t r ib u t io n .
Observed energy d is t r ib u t io n  o f  th e  b ea m -o ff (a) photon and 
(b ) e le c tr o n  background.
R e la tiv e  in c r ea se  o f  th e  photon s ig n a l w ith  in crea sed  th ic k ­
n ess  o f  lea d  co n verter  u sed .
R eso lu tio n  o f  th e  tim in g  l o g i c .
Observed energy d is tr ib u t io n  o f  photons from TT cap tu res on 
protons which m a te r ia liz e d  in  0 .3 0  cm le a d  co n v erter . The 
smooth curve rep re sen ts  a Monte Carlo s im u la tio n  o f  th e  ob­
served  photon energy  spectrum .
R e su lts  o f  a Monte Carlo c a lc u la t io n  o f  th e  a b so lu te  photon  
d e te c t io n  e f f i c i e n c y  versus prim ary photon energy fo r  0 ,3 0  cm 
lea d  con verter  in  p o s it io n .
Observed photon energy d is t r ib u t io n  from it captures on 
p r o to n s . Darkened c ir c le s  show th e  b e s t - f i t  to  th e d a ta  from 
a study used t o  o b ta in  th e photon r e s o lu t io n  fu n c tio n .
Photon r e s o lu t io n  fu n c tio n .
Photon r e s o lu t io n  fu n c tio n s  fo r  s e v e r a l photon e n e r g ie s .
(a) Time d is t r ib u t io n  w ith  r e s p e c t  t o  th e  muon s to p  (t = 0) 
o f  a p o r tio n  o f  th e  e le c tr o n  d a ta , (b ) The p r e c e s s io n  com­
ponent e x tr a c te d  from th e e le c tr o n  tim e spectrum  o f  a l l  
e le c tr o n  e n e r g ie s . Error b ars do not exceed  th e dim ensions  
o f  th e  d a ta  p o in t s .  The smooth curve i s  th e  p r e ce ss io n
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component S^a s i n  ( w t  + 4>q ) f i t t e d  t o  th e  e le c tr o n  tim e  
spectrum , (c ) Same as (b) b u t for th e  e le c tr o n  d a ta  above 
50 MeV. Data p o in ts  for { c ) were averaged  over a h a lf - c y c le  
o f  th e  s in u s o id a l o s c i l l a t i o n .
F ig .  18 (a) Monte Carlo c a lc u la t io n  o f  the bound-muon decay e le c tr o n
Nal en ergy  spectrum  for 0 .3 0  cm lead co n v erter  in  p o s it io n  
and fo r  no lea d  con v erter , (b ) Observed decay e le c tr o n  
energy spectrum tak en  w ith 0 .3 0  cm le a d  converter in  p o s it io n  
and fo r  no lea d  con v erter . Caution sh o u ld  be e x e r c is e d  in  
comparing (a) w ith  (b) s in c e  th e  Nal g a in  was determ ined for  
photons on ly .
F ig .  19 (a) Monte Carlo c a lc u la t io n  o f  the e le c t r o n  asymmetry
as a fu n c tio n  o f  low  energy c u t - o f f .  (b ) E xperim entally  
measured e le c tr o n  asymmetry versus low  channel c u t - o f f  o f  
the N a l. Caution should b e  e x er c ise d  i n  comparing (a )  w ith  
(b) s in c e  the N al gain  was determ ined f o r  photons o n ly . In
(b ) ,  f i t t e d  v a lu e s  o f  the asymmetry a t  low er energy c u t -o f fs  
are n o t s t a t i s t i c a l l y  independent o f  f i t t e d  values o f  th e  
asymmetry at h ig h er  c u t - o f f s .
F ig .  20 (a) Time d is tr ib u t io n  o f th e  photon d a ta  w ith  r e s p e c t  to  the
muon s to p  ( t  = 0 ) .  (b) The p recess io n  component e x tr a c te d
from th e  photon tim e  spectrum  o f  a l l  p h oton  e n e rg ie s  below  
82 MeV. Error b a r s  do not exceed  th e dim ensions o f  th e  data  
p o in t s .  The smooth curve i s  th e  p r e c e s s io n  component
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s in  (o i't + 4>0 ) f i t t e d  to  t h e  photon tim e spectrum .
(c )  Same as (b ) b u t for th e  RMC data in  th e  energy range 
between 63 .5  MeV and 82 .0  MeV.
F ig . 21 Measured asymmetry o f  th e  e le c t r o n  and photon d a ta  as a
fu n ctio n  o f  low channel c u t - o f f  fo r  a c ce p tin g  e v e n ts .  The f i t ­
te d  v a lu es  o f  th e  asymmetry a t  lower en ergy  c u t - o f f s  are 
n o t s t a t i s t i c a l l y  independent o f  f i t t e d  v a lu e s  o f  th e  asym­
metry a t h ig h er  c u t - o f f s . The RMC photon asymmetry below  
6 3 .5  MeV i s  contam inated by decay  e le c tr o n  brem sstrahlung.
F ig . 22 The branching r a t io  spectrum a s  determ ined a f te r  u n fo ld in g
th e  photon r e s o lu t io n  from th e  observed photon energy  d i s t r i ­
b u tio n . A lso  shown i s  the branch in g  r a t i o  spectrum from th e  
th eory  o f  Rood, Yano, and Yano which gave a  b e s t - f i t  t o  our 
d a ta .
F ig . 23 The branching r a t io  spectrum w ith  th e  photon r e s o lu t io n  r e ­
moved as determ ined by an exp an sion  o f  t h e  branching r a t io  in  
an a r b itr a r y  power s e r ie s .  A lso  shown i s  th e  branching r a t io  
spectrum  from th e  th eory  o f  R ood, Yano, and Yano w hich gave 
a b e s t - f i t  to  our d a ta .
F ig , 2k (a ) The p r e d ic ted  photon asymmetry <*rmc From th e  th eo r y  o f
Rood, Yano, and Yano for  v a r io u s  va lu es  o f  th e  p seu d osca lar
M2 + M2 
TT Uco u p lin g  co n sta n t g^; g^ i s  r e la t e d  t o  p as g^ = p —^  jj* g &,
where gQ i s  th e  a x ia l  vecto r  c o u p lin g  co n sta n t and g  ?he k -  
momentum tr a n s fe r ,  (b) RYY's p r e d ic te d  d i f f e r e n t i a l  branching  
r a t io  spectrum N (x) for  v a r io u s  va lu es  o f  g^.
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MONTE CARLO RESULTS OF DECAY ELECTRON 
ENERGY SPECTRUM
400
both spectra 
normalized 
to same no. 
stops—J 300
LU
CONVERTER OUT
■CONVERTER IN 
(0-30 cm LEAD)
200
LU
W 100
OO
20 40 60 80
Nal ENERGY CHANNEL
4 0 0 r
a  _  _  _
_J w 300LU «
EXPERIMENTAL DECAY ELECTRON SPECTRUM 
(TAKEN FROM SINGLE DATA RUNS)
0B„ °°ot °oo
V> 2 0 0 -
f 2  |2? <■
^  t
Q g < 1 0 0 -
both spectra 
normalized 
to same no
f J L  StOpS
CONVERTER OUT
CONVERTER IN 
(0-30 cm LEAD)
40 60 80
Nal ENERGY CHANNEL
FIG. 18
PREDICTED ELECTRON ASYMMETRY 
FROM MONTE CARLO PROGRAM
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PHOTON ANGULAR ASYMMETRY 
(THEORY OF ROOD, YANO,YANO)
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